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ABSTRACT 
Reducing energy demand and carbon emissions from the UK housing stock through 
efficiency improvements is the focus of policy interest.  The 2008 UK Climate 
Change Act set legally binding targets of an 80% reduction in greenhouse gas 
emissions against a 1990 baseline.  The majority of emissions in the residential 
sector are carbon dioxide emissions arising from energy used for heating homes and 
water, cooking, lighting and electrical appliances.  The sector’s contribution to total 
UK emissions is significant and therefore reducing energy use in homes is an 
important factor if the UK is to meet its targets. 
 
In this research an initial survey of studies of the residential sector has been 
conducted to review factors considered to influence energy use and related 
emissions in UK housing.  Further review identified energy and climate change policy 
instruments and structural change in the energy supply sector between 1970 and the 
present.  A subsequent time-line of policy and events describes the changing, 
historical policy landscape related to energy efficiency improvements in the sector.  
As a result of these reviews, a need to better understand how householders have 
responded to technical energy efficiency improvements in housing, and the influence 
of social and economic factors, was identified as a research gap. 
 
In order to model householders’ historical behaviour Data Envelopment Analysis 
(DEA) was identified as an innovative approach for this field of research as a 
potential means to measure sector efficiency in a new way.  The analysis has two 
stages. In the first, DEA is used to measure the relative efficiency with which the UK 
housing sector has managed its energy use and related emissions to deliver energy 
services such as space heating and lighting to householders.  In the second stage, 
multiple regressions are used to examine whether the variability over time in the 
efficiency measure can be explained by policy interventions, energy market 
developments, and economic and social factors.   
 
DEA is a method for modelling the relative performance efficiency with which an 
observed sample converts measurable inputs to quantitative outputs.  In this 
research, samples consist of annual observations of the UK housing stock, using 
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data largely taken from DECC’s UK housing energy fact file.  An efficiency frontier of 
performance enveloping the observed sample points as closely as possible is 
constructed through DEA mathematical programming.  The core of the analysis lies 
in identifying relevant quantitative input and output measures from available data.  A 
range of measures of comfort and energy service levels to represent energy service 
outputs, and household energy and emissions data to represent inputs are examined 
in the analysis.  The result is a timeline of efficiency performance that can be related 
to socio-economic change and the history of policy interventions. 
 
The analysis shows that the efficiency of the UK housing stock to manage its energy 
use and related emissions has not followed the steady upward trend that might have 
been expected from technical innovation.  There is evidence of rebound effects over 
time, with householders’ behaviour in response to technical efficiency improvements 
acting to raise comfort levels rather than lower energy usage.  Nevertheless, 
statistically significant roles can be identified for factors such as income, price and 
tenure which have implications for policy design and control and lead to a number of 
policy recommendations.   
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Chapter 1: Introduction 
Chapter highlights: 
Energy related emissions reduction targets and policy; defining the research 
boundaries; challenges of modelling the data; the research ‘problem’, research aim 
and objectives.   
1.1 Background 
Over the last two decades, there has been growing acceptance of the fact that 
human activity is largely responsible for increasing greenhouse gas emissions in the 
Earth’s atmosphere, and awareness of the need to reduce emissions to minimise the 
potential impacts of climate change.  One of the main contributors to increasing 
greenhouse gas emissions in the atmosphere is carbon dioxide (CO2) from the 
burning of fossil fuels to produce energy used in industries, buildings and services.  
As a consequence, internationally and nationally, reducing energy demand and 
subsequently emissions is a key aim of climate change mitigation activities.   
In 1997, the Kyoto Protocol, an international agreement linked to the United Nations 
Framework Convention on Climate Change, was adopted, committing its members 
by setting internationally binding emission reduction targets (United Nations 
Framework Convention on Climate Change UNFCCC, 2015). In 2008, the UK 
Climate Change Act set the world’s first legally binding emissions reduction target of 
at least an 80% reduction by 2050, against a 1990 baseline (Department of Energy 
and Climate Change (DECC), 2008).  In the UK, meeting these targets will be 
challenging, and will require steps to be taken to decarbonise the country’s energy 
supply, improve energy efficiency and reduce energy demand across all economic 
sectors.   
In terms of the different economic sectors in the UK, the residential sector has a 
significant contribution to make towards emission reduction targets.  In 2012, 
approximately 25% of total UK emissions were from the UK domestic housing stock 
(13% direct CO2 emission, 12% indirect CO2 emissions, and 1% non-CO2 emissions) 
(Committee on Climate Change (CCC), 2013); the vast majority of CO2 emissions 
from energy use in homes is for space heating, hot water, lighting, cooking and use 
of electrical appliances.  Because the residential sector is such a significant 
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contributor to total emissions, it is considered to provide a ‘major opportunity to cut 
energy use and CO2 emissions’ in the UK (Palmer and Cooper, 2014).  In order to 
identify the best future directions to achieve significant emission reductions in the 
housing sector, it is necessary to better understand the historical interaction between 
householder energy use, related emissions and numerous factors such as the price 
of energy, household income and seasonal temperature variation.  Additionally, 
changes to the housing sector and the energy supply industry have also had an 
impact.   
Over the last four decades there has been a significant shift in how energy is used in 
homes largely due to the switch by the majority of households to central heating, but 
also due to a large increase in the use of electrical appliances (DECC, 2014a).  At 
the same time, there has been comparatively little change to the UK housing stock, 
the majority of which was built before 1975 and before energy efficiency was a 
consideration in building design and construction (Palmer and Cooper, 2014).  In 
recent years the pace of change in improving the energy efficiency of the building 
stock has increased as government policies have focused on improving the energy 
efficiency of the UK’s housing stock.  Schemes such as CERT (Ofgem, 2015a), 
Warm Front (DECC, 2013) and most recently, the Green Deal (DECC, 2012a) have 
all aimed to increase uptake of efficiency improvements.  The continuing impact of 
these schemes on residential sector energy use and emissions is the subject of a 
body of research and government reports, such as the United Kingdom Housing 
Energy Fact File (Palmer and Cooper, 2014) produced for DECC.   
As will be discussed, a challenge recognised in studies of the UK housing sector is 
the difficulty of assessing and separating the influence of policy on meeting energy 
demand and emission reduction targets from the influence of other factors such as 
the price of energy and the external temperature (Summerfield et al., 2010).  The 
focus of this thesis is on contributing to meeting this challenge through a quantitative 
analysis of historical energy use and related emissions in the UK housing sector, 
using available national data.  The analysis will investigate the changing interactions 
between numerous factors which have influenced householder behaviour, the 
changing condition of the UK housing stock and wider political and structural 
changes to the UK’s energy governance.  A secondary focus of the analysis will be 
to gain insight into the potential effectiveness of future policy by achieving a better 
Chapter 1: Introduction 
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understanding of the different historical influences of energy use and emissions in 
the residential sector.  
1.2 UK residential sector energy and related emissions; definitions and 
boundaries 
1.2.1 The UK residential sector 
In order to quantitatively analyse the UK residential sector, it is first necessary to 
define the terms and boundaries of the analysis.  In studies of the sector, various 
terms are used, such as the ‘domestic sector’, ‘domestic buildings sector’ or ‘housing 
sector’, as well as ‘residential sector’.  In this thesis, the term ‘residential sector’ will 
broadly be used to describe the boundary of the analysis. ‘Residential sector’ is the 
term used in greenhouse gas emissions statistics reporting (DECC, 2014b).  For 
ease of reference, at times the sector will also be referred to as the UK housing 
sector or UK housing as the analysis relates to energy use, emissions and behaviour 
in the UK housing stock.  Also the Department of Energy and Climate Change’s 
(DECC) annual report on the sector’s energy use, the United Kingdom’s Housing 
Energy Fact File, refers to ‘housing’ energy.  Largely, government statistics and 
findings are reported for United Kingdom, rather than for Great Britain (the housing 
energy fact file changed to the ‘United Kingdom’ from ‘Great Britain’ in 2012) so the 
UK is used as the geographical boundary of the analysis.   
There are between 26 and 27 million ‘dwellings’ in England, Scotland, Wales and 
Northern Ireland which comprise the UK housing stock.  The UK government defines 
a dwelling as a self-contained unit of accommodation, where all the rooms (including 
kitchen, bathroom and toilet) in the accommodation are behind a single door which 
only that household can use (Department for Communities and Local Government 
(DCLG), 2012 from 2011 Census).  In the UK, properties in the housing stock can be 
categorised as detached, semi-detached and terraced houses or flats.  The age 
range of properties is broad, with over 20% of households built before 1918 (Palmer 
and Cooper, 2014).  Households can additionally be categorised by tenure into four 
categories: owner occupied, privately rented, local authority owned or rented from a 
registered social landlord.   
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1.2.2 UK residential sector energy consumption and energy end-uses 
A definition of energy consumption given in the 2008 Domestic Energy Fact File 
(Utley & Shorrock, 2008) is ‘energy used in dwellings, excluding petrol consumption’.  
By this definition, energy use in homes refers to both the energy produced directly in 
households through combustion of fossil fuels such as in a gas boiler and electrical 
energy generated in power stations.  It does not include energy used for private 
transportation, or in residential establishments such as hotels as these do not count 
as dwellings under the definition of the sector given in the previous section.  The 
research examines the whole UK residential sector and it is important to include as 
wide a definition of energy consumption as possible which still allows for quantitative 
analysis with the available data.  Therefore, in this research housing energy or 
energy consumption in the sector will be defined as ‘energy used in dwellings’.   
If using the ‘energy used in dwellings’ definition, then it is also necessary to define 
the different end-uses of energy in homes.  In the aforementioned Domestic Energy 
Fact File and UK Housing Energy Fact File, ‘end-uses’ are categorised into five 
groups.  The first two energy end-use categories are space heating and hot water 
heating, the energy for which is produced directly, in the majority of households, by 
gas-powered central heating systems.  A further two categories are lighting and 
electrical appliances, powered by electricity generated in power stations.  The final 
category of energy end-use is cooking, which can be either gas-powered or electric.  
These categories can obviously be broken down further, particularly electrical 
appliances of which there are many different types, but largely, the research will refer 
to these five broad categories of energy end-use. The research will consider energy 
used for these five end-uses in the 27 million homes which comprise the UK housing 
or residential sector.   
1.2.3 UK residential sector energy related emissions 
The final term to define for the analysis of the UK residential sector is ‘energy related 
emissions’.  In terms of the greenhouse gases (GHGs) that ‘emissions’ refers to, CO2 
is the main GHG emitted when hydrocarbon fuels are combusted to produce energy.  
In inventories where emissions were reported on a by-source basis, 96% of 
emissions from the residential sector were CO2 in 2013 (DECC, 2015a). Additionally, 
in the literature on residential sector energy use and emissions reviewed in Chapter 
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2, the emissions referred to in relation to the sector are carbon dioxide.  Therefore, in 
the thesis it is understood that ‘energy related emissions’ broadly refers to carbon 
dioxide and will be referred throughout the analysis interchangeably as ‘emissions’, 
‘carbon emissions’ and ‘CO2 emissions’.   
Historically, the international convention for reporting greenhouse gas emission 
statistics is on a by-source basis, whereby, for the residential sector only ‘direct 
emissions’ from energy produced in homes are included (Thomas et al., 2011).  On a 
by-source basis, emissions from electricity are counted under the ‘energy supply’ 
sector, rather than the sector where the electricity is used.  Considering energy 
related emissions on a by-source basis is not compatible with the definition of energy 
consumption by end-use defined in the previous section.  Fortunately, the 
importance of quantifying emissions for different economic sectors on an ‘end user’ 
basis has been recognised in greenhouse gas inventories produced for DECC 
(Abbott et al., 2009) so end-use energy related emissions data are available for the 
residential sector.  In this thesis, the term ‘energy related emissions’ will refer to the 
greenhouse gas emissions associated with energy used for all five categories of 
energy end-use identified.   
Defining the terms of the research highlights what the research should and should 
not consider in its approach.  In addition it identifies a common phraseology that can 
be used throughout the thesis which is compatible with how the literature refers to 
energy use, related emissions and energy efficiency in the UK residential sector.  As 
shall be seen, particularly when examining the different models of energy use and 
related emissions in the sector, there is a wide variety of analysis methods.  It would 
not be possible or necessary to consider all methods for modelling energy use or for 
emissions accounting in the UK housing sector.  The terms and boundaries defined 
here are appropriate for an analysis of the UK residential sector’s energy use and 
related emissions, and assessment of the historical influence of factors including UK 
policy and initiatives.   
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1.3 Quantitative modelling of the UK residential sector: the research 
problem 
1.3.1 Influencing factors and studies of the UK residential sector 
The Intergovernmental Committee on Climate Change (IPCC) Special Report on 
Emission Scenarios (SRES) (IPCC, 2000) proposed that the main drivers of 
emissions which have historically influenced trends will continue to do so into the 
foreseeable future.  These drivers are namely demographic change, social and 
economic development and the rate and direction of technological change.  Energy 
use in the UK residential sector continues to be influenced by many different factors 
which fall within these categories.  In order to understand and predict how the UK 
residential sector and its energy use and related emissions will change, it is 
important to have an understanding of the historical influence of these factors.  
Understanding social, political and economic evolution in the UK, the impact on the 
energy supply and UK housing sectors, as well as recognising the influence of 
energy and climate change related policy interventions will be essential to better 
understand the possible impact on energy use and related emissions in the sector. 
There are many studies which describe, model and predict energy use and 
emissions trends in the UK residential sector which will be examined in this thesis.  
Some of these feed in to policy decisions, by presenting predicted technical or 
economic pathways or scenarios for how the UK residential sector can contribute to 
emissions reduction targets.  Other studies estimate the historical influence of factors 
such as price and income on sector energy use.  Generally, models fall into two 
categories of top-down or bottom-up studies.  In the UK, bottom-up housing stock 
models or energy-economic system-wide models (Kannan and Strachan, 2008), use 
disaggregated data inputs, as well as trends, calculations and assumptions to 
quantify the influence of changing factors on total sector energy use and emission.  
In comparison, top-down economic models rely on analysis of high level, aggregate, 
time series data related to energy consumption and the wider economy (Kavgic et al., 
2010).   
The first objective of the research is to examine these previous studies and consider 
their role in terms of influencing and feeding into policy.  Further to this, there is a 
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need to examine how they identify and quantify the influence of different factors on 
energy use and related emissions in the sector. Analysis of how studies quantify and 
rank factors is required in order to gain insight into current understanding of the 
interactions between influencing factors and residential sector energy use and 
emissions.  In particular, there is a need to ascertain the extent to which previous 
research and analysis has examined the effectiveness of policies to reduce energy 
use and related emissions in the sector.   
Reviewing different aspects of studies of the sector can identify the gaps in previous 
analyses of the historical influence of different factors and policy effects.  In addition, 
it will highlight current understanding of the comparative influence of different factors 
which can be supported or refuted by the outcomes of the quantitative analysis of 
this research.  A final reason for examining previous models of the sector is to aid 
identification of a suitable quantitative approach to modelling the UK residential 
sector’s energy use and emissions which can provide new insights into the historical 
influence of different factors, including policy.   
1.3.2 Modelling challenges 
The UK Housing Energy Fact File, a comprehensive source of information pertaining 
to the UK residential sector, identifies the need to better understand the relationships 
between different influencing factors and householder energy use and related CO2 
emissions (Palmer and Cooper, 2014).  Better understanding of these interactions is 
important to ensure future policies contribute to reductions in greenhouse gas 
emissions from the sector and are effective.  The Fact File highlights that improved 
understanding of the impact of different factors on how householders adapt to 
energy efficiency improvements in homes is important to ensure future policies and 
initiatives are successful (p31).  Analysis needs to go beyond merely identifying the 
potential savings due to technological improvement and examine the effect of factors 
such as income, energy price and tenure.   
In terms of historical analysis of the sector’s energy use and related emissions, one 
of the key barriers identified in reports and studies is the lack of consistent and 
accurate data sets regarding energy use, related emissions and energy efficiency in 
the sector (e.g. Summerfield et al., 2010).  The ability to assess the effectiveness of 
previous policies and schemes that have aimed to improve the energy efficiency of 
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the UK building stock is essential prior to introducing new schemes.  The effects of 
policy initiatives on energy use and emissions reductions is intertwined with the 
effects of other factors and therefore determining the historical impact of policy is 
challenging without appropriate data.   
In recent years, models of the UK residential sector linked to policy have largely 
focussed on modelling technical and physical energy efficiency aspects of the 
building stock in order to predict future sector energy use and emissions under 
different scenarios.  These models largely fall into the category of bottom-up building 
stock models and currently, the Cambridge Housing Model (CHM) (Hughes and 
Palmer, 2012) is the model used by the Department for Energy and Climate Change 
to underpin government reports and recommendations.  CHM replaces the Building 
Research Establishment’s BREDEM (Shorrock and Dunster, 1997) model in this role.  
Both CHM and BREDEM have also been used to some extent to estimate past 
trends in relation to energy use in the sector, and these trends have been presented 
in publications such as the UK Housing Energy Fact File.  Housing stock models use 
disaggregated data taken from a variety of sources including annual household 
surveys.   
One limitation of these particular models is that they do not examine the relationship 
between historical changes in energy efficiency and the numerous drivers of energy 
use and related emissions identified in reports such as the IPCC’s Special report on 
Emissions Scenarios.  Historical, regression analysis of UK housing energy and 
related emissions using time-series data is more often the focus of econometric 
studies though work carried out by the Building Research Establishment (BRE) also 
examines the historical impact of technical change (Utley and Shorrock, 2008).  One 
recognised limitation of econometric studies is that they do not have the technical 
detail of bottom-up studies and this makes analysis of policy effects challenging 
(Kavgic et al., 2010).   
The UK Housing Energy Fact File amalgamates data and findings from both top-
down and bottom-up studies, though the focus is on the changes in energy use and 
the energy efficiency of the building stock.  The lack of detailed historical data related 
to energy use in the sector is a challenge for both top-down and bottom-up studies.  
Top-down studies cannot model technological change because there is insufficient 
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technological and disaggregated energy end-use data to use in an analysis.  Bottom-
up models cannot adequately examine the historical relationships between 
technological change and the impact of factors such as income and price.  The 
models use baseline-year disaggregated data, to estimate aggregate sector energy 
consumption and emissions, but the large quantity of time series data required to 
model historical changes is not available.  
The lack of consistent data for the UK residential sector is just one of the factors that 
makes analysis of historical policy effects challenging.  As previously mentioned, 
without detailed data on energy use in homes, it is difficult to separate the 
contribution of different influencing factors, and in particular policy, on energy use 
and related emissions reductions.  As identified in the UK Housing Energy Fact File, 
there is a need to better understand the impacts of policy as well as the influence of 
socio-economic factors on how householders adapt to policy changes.  Methods are 
needed which can use the data that are available and extract new insights on the 
interaction between different factors, and UK housing energy use and related 
emissions.  This thesis contributes towards meeting that need.  
1.3.3. The research problem 
At an international level, reducing energy use in order to stabilise atmospheric 
greenhouse gas concentrations is a key priority of the United Nations Framework 
Convention on Climate Change and the Kyoto protocol.  As a UNFCCC member, the 
UK has made legally binding commitments under the 2008 Climate Change Act to 
reduce energy use and related emissions.  The housing sector is a significant 
contributor to both energy use and emissions.  Policies and interventions introduced 
by the UK government need to address the efficiency and condition of the UK 
housing stock, the carbon intensity of the energy supply, and reducing the level of 
energy demanded by householders, in order to reduce energy use and related 
emissions in the sector.  Assessment of the historical impact of such policies is 
needed to gain understanding of how to make future policies effective.   
In this thesis, the research problem that will be addressed is how to quantitatively 
assess the relationship between different drivers, energy efficiency improvements, 
and energy use and related emissions in the UK residential sector?  In addition, how 
can we assess the changes that have occurred as a result of policy and interventions 
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designed to reduce energy use and related emissions in the sector and the 
relationship with other factors such as price and income?  Implicit in this question is 
how to most effectively use the available data to assess the influence of different 
drivers and which modelling methods offer a suitable approach to use these data to 
gain new insights into policy impacts.   
The following eight chapters of this thesis will consider this problem in detail.  The 
initial objective will be to ascertain the current understanding in terms of different 
factors and their historical effect on energy use and related emissions in the sector.  
This will require a thorough analysis of models and studies of the sector.  In addition, 
a review of policy and the changing political and social environment in the UK is 
needed to begin to unpick the historical relationship with energy use in the housing 
sector.  Following on from this, the focus will be to find a quantitative modelling 
method that can offer new insights into how various socio-economic variables such 
as price and income, as well as other factors, relates to energy efficiency 
improvements in UK housing.   
The choice of modelling approach needs to be able to handle the historical data that 
is available for the sector.  In addition, the data that are available need to be 
modelled in a suitable way which extracts the maximum amount of information and 
offers new insights into how energy has been used in the sector, and the impact on 
related CO2 emissions.  The objectives of selecting an appropriate method and 
identifying suitable data sets are intertwined and need to allow for quantitative 
modelling of the sector’s historical energy use and emissions, and the relationship 
with different influencing factors.  The ultimate target of the modelling process, is to 
be able to use the results to see what lessons can be learnt from the past and the 
implications for the potential effectiveness of future interventions.  It is expected that 
as a consequence recommendations can be made to aid policy makers.   
1.4 Research aim and objectives 
Initial research identifies that there is a need to better understand the historical 
interaction between factors that influence energy use, and therefore related 
greenhouse gas emissions in the UK residential sector, and energy efficiency 
improvements.  As an outcome, the research aim is defined as follows: 
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Research aim: 
To examine how factors have influenced energy use and related emissions in the UK 
residential sector, and the potential implications for policy.    
In order to meet the research aim, five research objectives are presented which 
outline the course that the research will take in this thesis: 
Research objectives: 
1)  Examine key factors that have influenced UK residential sector energy use and 
related emissions. 
2)  Identify an appropriate approach for modelling sector energy use and emissions. 
3)  Investigate and refine data to support analysis of the sector.   
4)  Model the variation in energy use and emissions and analyse the influence of key 
factors in relation to the changing social, political and economic landscape of the 
sector.   
5)  Consider the potential of different intervention types on future UK residential 
sector energy use and emissions reductions and make recommendations.    
1.5 Thesis outline 
This thesis is organised into nine chapters, including this introductory chapter.  The 
content of the following eight chapters is summarised here: 
Chapter 2 considers the different drivers of energy use and related emissions in the 
UK residential sector outlined in the relevant studies and reports, before examining 
the literature surrounding different models of the sector and methodically reviewing 
models in a meta-review.  The meta-review compares the outputs of different types 
of sector models.  The chapter also considers the different definitions of energy 
efficiency in the residential sector as well as evidence of direct rebound effects.  The 
chapter concludes by identifying the gap in the knowledge that this research will fill.   
Chapter 3 reviews the political landscape in the UK between 1970 and the present, 
and examines how energy and climate change policy and regulation has changed in 
response. It concludes with a policy and events timeline highlighting the main 
changes over the time period.   
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Chapter 4 outlines different methods for quantitatively analysing residential sector 
efficiency in terms of energy use and related emissions in the first part of the chapter.  
In the second part, a new method for measuring sector efficiency, Data Envelopment 
Analysis (DEA), is described and five research hypotheses, which can be tested by 
the method, are outlined.  
Chapter 5 investigates and identifies data sets related to housing energy use and 
related emissions, which can be used in the two-stage Data Envelopment Analysis of 
the sector.  Three types of data set are investigated: energy and emissions data to 
represent ‘input’ in the two stage analysis; data sets related to energy use in homes 
which can represent energy service ‘outputs’; data sets for the second stage of the 
analysis that represent different categories of influencing factors.  The chapter 
concludes by discussing the data limitations which influence the research.  
Chapter 6 describes the procedure for a two-stage analysis of the UK residential 
sector.  In the first stage Data Envelopment Analysis is used to measure the 
performance of the sector between 1970 and 2011 in terms of relative efficiency.  In 
the second stage, regression is used to investigate the relationships between the 
performance measures obtained and factors identified as influencing energy use and 
related emissions in the sector.   
Chapter 7 presents the results of the two-stage analysis of the UK residential sector.  
In the first part of the chapter, the results of the Data Envelopment Analysis describe 
how the energy efficiency of the sector has varied over the time, comparing input 
and output-orientated performance measures.  The second part of the chapter 
presents the results of simple and multiple regressions of the performance measures 
with two types of influencing factor: those that influence the level of energy service 
demanded by households; those that influence the level of energy use and related 
emissions required for a set level of service.   
Chapter 8 discusses the results presented Chapter 7.  Discussion focuses on how 
energy efficiency trends in the sector have varied over time and the contrast 
between different performance measures.  The chapter considers the implications for 
policy in terms of its possible rebound effects.  The chapter also discusses the 
results of the second, regression analysis, stage of the research and the 
relationships with different categories of influencing factors and whether these agree 
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or disagree with the results of previous studies.  In addition, the chapter explores 
how different factors, such as the energy price, have influenced how householders 
have adapted to energy efficiency improvements in their homes and the implications 
for policy.   
Chapter 9 concludes the thesis by summarising the main findings, discussing how 
the work done in the thesis related to the research aim, objectives and hypotheses, 
and the contributions to knowledge resulting from the research.  The chapter also 
considers the limitations of the research and potential areas for further works.  It 
concludes by outlining recommendations for policy makers resulting from the two-
stage analysis.   
Table 1.1 below shows how the research objectives are met by the different stages 
of the research described in Chapter 2 to 9.      
Table 1.1: Thesis structure 
  
Objective Chapters
1) Examine key factors that have influenced UK 
residential sector energy use and related 
emissions.
2 & 3
2) Identify an appropriate approach for modelling 
sector energy use and emissions. 2, 4 & 6
3) Investigate and refine data to support analysis 
of the sector.  5 & 6
4) Model the variation in energy use and 
emissions and analyse the influence of key 
factors in relation to the changing social, political 
and economic landscape of the sector.  
6, 7 & 8
5) Consider the potential of different intervention 
types on future UK residential sector energy use 
and emissions reductions and make 
recommendations.   
8 & 9
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 Chapter 2: Literature survey and meta-review 
Chapter highlights 
Changing demand for energy services in the UK housing sector; influencing factor 
categories; modelling energy use and emissions; survey and meta-review of studies 
and outputs; measuring behaviour, energy efficiency and the rebound effect; the 
research gap. 
Chapter 2 Part 1 
2.1 Introduction 
In 2008, the UK Climate Change Act set legally binding targets of an 80% reduction 
in greenhouse gases by 2050 (34% by 2020), against a 1990 baseline (DECC, 2008).  
To meet these targets will be challenging and the residential sector has a significant 
contribution to make; energy use in homes accounts for more than 25% of the UK’s 
total energy use and related emissions (Palmer and Cooper, 2014), and therefore, in 
the sector, substantial reductions of both will be required.  To reduce energy related 
emissions from the sector, measures taken should reduce the carbon intensity of 
energy supply and the amount of energy used in homes.  Policymakers must 
consider how to encourage householders to use less energy, how to improve the 
efficiency of the UK’s building stock, currently some of the least efficient housing in 
Europe (European Climate Foundation (ECF) 2015), and how appliances and 
heating systems in homes can be replaced with more efficient devices. 
Historically, changes in total energy use and energy related emissions from the UK’s 
approximately 26.5 million homes (Office of National Statistics (ONS), 2013) has 
been shaped by the changing demand for five different energy services: space 
heating, hot water, cooking, lighting and appliances (see Chapter 1 and Palmer and 
Cooper, 2014).  Fluctuating demand for each of these energy services between 1970 
and the present, the time period considered in this study, has been driven by a broad 
range of different, but often interrelated, factors.  Evaluation of the effectiveness of 
past policy initiatives and improved standards in building regulations is essential so 
that policymakers can be confident that any energy demand and emission reduction 
trends are significant, likely to continue, and  are at least partly attributable to the 
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success of policy measures and not solely due to non-discretionary factors 
(Summerfield et al., 2010).   
An understanding of the comparative influence of policy and regulation on UK 
residential sector energy demand and emissions, in comparison with other factors 
such as energy prices, income and seasonal variation in temperature, is essential to 
researchers and policymakers, and this informs the research aim for this study:  
To examine how factors have influenced energy use and related emissions in the UK 
residential sector, and the potential implications for policy.   
At the end of Chapter 1, five research objectives were proposed which outline the 
intentions of the research.  The first of these objectives, ‘examine key factors that 
have influenced UK residential sector energy use and related emissions’, is the main 
focus of this chapter which is in three parts.  In Part 1, the context for the 
examination is set with a discussion of the main drivers of energy use and emissions 
in the sector and a summary of how the demand for five residential sector energy 
services has changed over time.  The section compares how the drivers of housing 
sector energy and emissions are modelled by different types of studies and 
discusses their role in relation to policy decision making.   
A categorisation of influencing factors, outlined in Part 1, provides a framework for 
critically assessing the outputs of research studies in a meta-review in Part 2 of this 
chapter.  Part 2 describes the procedure followed to identify, survey and analyse a 
sample of studies of UK residential sector energy use and emissions.  The review 
contributes towards research objective one, by methodically surveying studies of the 
sector, identifying influencing factors, and collating and comparing reported 
estimates of the size of the influence of different factors.  In addition, the analysis 
feeds into the next stage of the study, which requires identification of ‘an appropriate 
approach for modelling sector energy use and emissions’ (Objective 2).  Using a 
meta-analysis style approach to surveying the literature allows for a systematic and 
methodical review of a wide range of research methods.  It also facilitates an 
examination of the extent to which the effectiveness of policy and regulation has 
been examined and quantified in previous studies.   
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Part 3 of Chapter 2 examines the different definitions of the term ‘energy efficiency’, 
referred to throughout the literature on energy use and related emissions in the UK 
residential sector, and which are related to measuring the effects of technological or 
economic change.  Section 2.7 also highlights the implications of the rebound effect 
for policy design, where householders potentially use energy savings from efficiency 
improvements to increase comfort levels in homes.  The chapter concludes by 
identifying the knowledge gap which the research will investigate, identified through 
the methodical review of the literature presented in this chapter.  
2.2 Factors influencing UK residential sector energy use and emissions 
2.2.1 Drivers of energy related emissions 
The origins of the emission reduction targets set out in the 2008 Climate Change Act 
can be traced back to the Kyoto Protocol of 1997, an international agreement linked 
to the United Nations Framework on Climate Change, which set binding emission 
reduction targets (UNFCC, 2015).  Growing international concern at the high levels 
of greenhouse gases in the atmosphere, and the potential adverse effects of 
irreversible climate change, shifted the focus of energy policy in the 1990s to 
incorporate awareness of the need to reduce emissions (Strachan, 2011).  Whether 
the current focus of UK energy policy is shifting away from climate change mitigation 
and emission reduction to other issues is certainly a matter for discussion (see 
Chapter 3); the Department of Energy and Climate Change (DECC) states that it 
‘works to make sure the UK has secure, clean, affordable energy supplies and 
promotes international action to mitigate climate change.’ (DECC, 2015b), so 
certainly other factors are also at play.  Nevertheless, over the last 20 years, a large 
body of research in both the UK and internationally has focussed on examining the 
drivers of emissions, in order to develop pathways to a lower carbon future which 
can inform energy and climate change policy, with the aim of mitigating dangerous 
climate change. 
The Kaya Identity (see Equation 2.1 below), first proposed in 1990 (Kaya), was 
developed to describe ‘the instrumental determinants of future energy related 
emissions’ as a relationship between population (POP), gross domestic product 
(GDP), energy consumption (E) and CO2 emissions (Kaya and Yokobori, 1997).  In 
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the identity, the ratios describe three over-arching rates of change considered to 
drive emissions at a macro level, and linked in a multiplicative relationship to 
increases or decreases in aggregate CO2 levels per head of population (Agnolucci et 
al., 2009). 
 
�
CO2POP�   ≡   �CO2E �   � EGDP�   �GDPPOP� 
 
 
 
An alternative equation below, IPAT (Equation 2.2), describes the same concept as 
the Kaya identity.  In this example ‘I’ represents a particular environmental impact 
such as greenhouse gas emissions, driven by three factors: population, affluence 
and technology (Chertow, 2000). 
I   ≡    P    x    A    x    T 
    Impact         popn      affluence   technology 
 
The Kaya and IPAT identities have played an important role in international studies 
of the drivers of emissions and provided a framework for analysis of energy related 
emissions in, most notably, the Intergovernmental Panel on Climate Change’s (IPCC) 
Special Report on Emission Scenarios (SRES) (IPCC, 2000).  In terms of the 
residential sector, the Kaya identity establishes the influence of four key types of 
driver: population drivers related to population growth, urbanisation, building stock 
replenishment and commodity production; economic drivers related to GDP, income 
and energy prices; energy intensity trends related to technological efficiency; carbon 
intensity trends related to the fuel mix of electricity supply fuels required to meet 
space heating, hot water and cooking demand.  Four different scenarios 
representing different demographic, social, economic, technological, and 
environmental developments in the future and based on the kaya identity relationship 
shown in Equation 2.1 were presented in the IPCC Special Report. 
(carbon 
intensity 
of energy) 
(energy 
intensity 
of GDP) 
(per 
capita 
GDP) 
(per capita 
CO2 
emissions) 
Equation 2.1: 
Equation 2.2: 
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As outlined in the introductory chapter, this thesis is focussed on examining the 
historical influence of different driver types on energy use and emissions related to 
householder’s demand for five energy services: space heating, hot water, cooking, 
lighting and electrical appliances.  Over the last few decades, energy consumption in 
the UK residential sector related to each of these five energy services has fluctuated, 
due to the influence of a set of factors which fit into the general categories outlined 
above but which are specific to the Housing sector.  Current understanding of how 
energy consumption for different services has varied over time is reported in 
publications produced for DECC, such as the UK Housing Energy Fact File (Palmer 
and Cooper, 2014).  Considering these changing trends in energy use provides a 
starting point for examining the changing influence of different factors. 
2.2.2 UK residential sector energy use and emission trends 
The Department of Energy and Climate Change’s annual ‘Energy Consumption in 
the United Kingdom’ publication, combines data from the Digest of UK Energy 
Statistics, and other sources, to produce statistics which show trends in energy 
consumption for housing between 1970 and 2012 (DECC, 2014a).  Additional 
information on housing energy use, also drawn from a wide variety of sources, is 
reported annually by DECC in the United Kingdom’s Housing Energy Fact File 
(Palmer and Cooper, 2014) which aims to draw together the most important data for 
policy-makers, researchers and the public.  Emissions statistics reported by DECC 
(DECC, 2015c) are largely taken from the UK greenhouse gas inventory, produced 
by the National Atmospheric Emissions Inventory (Department for Environment, 
Food and Rural Affairs (DEFRA)) with Ricardo/AEA consultancy, utilising data from a 
variety of sources.  Emissions and energy use data sources, and their calculation 
methodologies are discussed in detail in Chapter 5 (Data Sources). 
If considering energy consumption trends in the UK housing sector, between 1970 
and 2012, total energy consumption from housing increased by 17% and in 2014 
accounted for just under a third of UK final energy consumption (Palmer and Cooper, 
2014).  Since 2004, domestic energy consumption has generally decreased, though 
spikes in final energy consumption in 2010 and 2012, attributed in the Housing 
Energy Fact File to colder than average winters and subsequent increased demand 
for space heating, suggest that a continued downward trajectory is uncertain.  The 
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‘Energy Consumption in the UK’ summary states that in 2012 the majority of energy 
consumed in the sector was for space heating (66%), with demand for hot water, and 
lighting and appliances accounting for 17% and 15% of sector energy consumption, 
respectively, with cooking 3% (DECC, 2013b). 
Figure 2.1 below shows the changing demand for each of the five energy services in 
the sector between 1970 and 2011.  Despite an overall decline since 2004, final 
energy use for space heating has increased over the period from 1970 to 2011 by 
approximately 10% (the increase would be bigger if calculated up to 2012 due to the 
aforementioned colder than average winter).  It is worth noting though that this is far 
less than the increase in the number of households over the same period (44%).  In 
contrast, final energy use for water heating and cooking has declined over the period.  
The Housing Energy Fact File attributes the decreased demand for hot water to 
increased insulation of hot water tanks and pipes and improved efficiency of heating 
systems.  For cooking, the savings are partly attributed to more efficient cooking 
devices but it is also suggested that the savings may have been offset by increased 
use of electrical appliances for cooking (Palmer and Cooper, 2014, p35-40). 
Figure 2.1: Household final energy consumption by end-use category, 1970-20111 
 
                                            
1The graph in Figure 2.1 uses data from the UK’s Housing Energy Fact File 2013, modelled by 
BREHOMES and the Cambridge Housing Model (CHM) (DECC, 2014c); both models are discussed 
further in section 2.4 of this chapter.  The modelled data is subject to uncertainty which is discussed in 
Appendix 4 of the Housing Energy Fact File (p160).  There is also a discontinuity in the time-series 
data in 2009, when modelling switched from BREHOMES to CHM.  
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The use of electrical appliances to meet demand for services such as cooking and 
hot water (showers) is one of the factors which have contributed to electrical 
appliances having the biggest increase in final energy use in percentage share terms, 
tripling over the 40 year period.  In addition, there are now more appliances in homes 
and they are used more often.  The Energy Saving Trust’s report, ‘Household 
electricity-using habits revealed’ looks at these factors in more detail (EST, 2014).  
Overall, energy use for lighting has also increased by a third but, as can be seen in 
Figure 2.1, has always been a small percentage of total final energy use.  There are 
now many more lights in households then there were 40 years ago, but in recent 
years a large proportion of incandescent bulbs have been replaced with low energy 
bulbs, counteracting some of the increase in energy demand. 
Figure 2.2: Residential sector CO2 emissions (from combustion) by source and by end-user, 
1970-20112 
 
In terms of emissions from energy use in the UK residential sector, a different pattern 
emerges.  Chapter 1 highlighted the different methodologies for reporting emissions 
                                            
2 The graph in Figure 2.2 uses data on CO2 emissions from the UK residential sector between 1970 
and 2011 taken from the UK Greenhouse Gas Inventory (DECC, 2014c).  The ‘source’ and ‘end user’ 
labels refer to the different reporting methods used in the UK Greenhouse Gas (GHG) Inventory for 
the residential sector, outlined in Chapter 1.  
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from energy use in the UK residential sector (this is discussed in more detail in 
Chapter 5) but all sources agree that total emissions from housing energy have 
decreased over the last 40 years, despite the increase in final energy use.  Figure 
2.2 above shows the decrease in total housing energy emissions when calculated on 
an end-user basis, which includes emissions from electricity used in the sector for 
lighting and appliances.  Also shown in the foreground of figure 2.2 are direct 
emissions from housing for cooking, space heating and water heating only, which 
have also decreased. 
The 2008 Domestic Energy Fact File (Utley and Shorrock, 2008) attributes emission 
reductions to various factors which have counteracted increases in the population, 
number of households and number of appliances over the same time period.  Firstly, 
improved energy efficiency in homes and changes to the fuels used.  Secondly, 
efficiency improvements in generation, transmission and distribution of electricity.  
Thirdly, use of non-fossil fuels such as nuclear power for electricity generation.  
Finally, the switch to gas turbine technology in the 1990s in the so called ‘dash for 
gas’ that occurred as the electricity industry was privatised.  In addition, the 
Committee on Climate Change (CCC) attributes emission reductions since 2005 to 
decreased demand for space heating, with an increase in 2010 due to cold weather 
and lower energy price (CCC, 2013) 
Examining reports of housing energy use and related greenhouse gas emissions 
trends between 1970 and the present, identifies the influence of different factors. In 
terms of the four drivers identified by the Kaya identity (Equation 2.1), population 
trends, economic trends, energy intensity trends and carbon intensity trends, the 
factors discussed in the report largely fall into the same categories.  For example, 
household energy prices are an economic driver and the changing fuel mix for 
electricity generation, and the dash for gas are drivers of changing carbon intensity.  
In addition, the external temperature is identified as a driver of spikes in energy 
demand and related emissions in years with colder than average winters.  
Temperature is not a factor which falls into the driver types identified by SRES (IPCC, 
2000) and the Kaya Identity but for the UK residential sector it is undoubtedly a key 
influence of how energy is used.  An extension is needed to how drivers of energy 
consumption and emissions in the UK housing sector are categorised. The following 
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section will consider alternative classifications of influencing factors to include 
temperature.   
2.2.3 Categories of factors influencing energy use and emissions 
To aid a systematic examination of the historical influence of different factors on UK 
residential sector energy demand and related emissions, an appropriate system for 
thinking about, and categorising factors, is needed.  As discussed in section 2.2.1, 
using the Kaya identity as a framework for the IPCC’s Special Report on Emission 
Scenarios (SRES) (IPCC, 2000) identified four driver types which influence 
emissions.  In terms of the energy and emissions trends summarised in the previous 
section, reports from the Department for Energy and Climate Change (DECC), the 
Committee on Climate Change (CCC), the Building Research Establishment (BRE) 
and others, attribute changes over time to different factors, which largely fall into 
these four categories.  In addition, external winter temperature is recognised as a 
driver of increased space heating demand in years such as 2010 and 2012 where 
winter was colder than average. 
Within the literature on influences of residential sector energy demand and related 
emissions, different classifications of influencing factors exist.  Factors can be 
considered to fall within structural, climatic, demographic, economic and technical 
parameters (Haas, 1997) which interact and overlap with each other to varying 
extent. In the 40% house project (Boardman et al., 2005) a summary of the key 
factors determining UK residential sector emissions highlights individual and societal 
factors, together with household–level factors, and carbon intensity of energy as the 
three over-arching factors linking variables that effect emissions.  The United 
Kingdom Housing Energy Fact File (Palmer and Cooper, 2014), firstly focuses on the 
changes to the housing stock and households, then asks ‘how much energy is used 
in homes?’ and ‘what shapes energy use in homes?’ before considering household 
behaviour.  In terms of ‘what shapes energy use in homes’, the focus is on the 
changing technological efficiency of heating systems and boilers and the take-up of 
insulation and glazing.   
These different categorisations highlight a simpler way of considering things: largely, 
influencing factors either shape the energy demand and/or emissions for a set level 
of energy service or they influence the level of energy service demanded by 
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householders.  As examples of this categorisation, installation of a more efficient 
boiler, loft insulation or purchase of more efficient appliances means householders 
can achieve the same level of space heating demand (a comfortable internal 
temperature) while consuming less energy and subsequently producing fewer 
emissions.  On the other hand, lower gas and electricity prices, or an increase in 
household disposable income, can influence the level of energy service 
householders demand in their homes so that they receive higher or lower levels of 
comfort.   
In terms of the Kaya Identity (Equation 2.1), the first two terms related to carbon 
intensity trends (CO2/E) and energy intensity trends (E/GDP), can both be 
considered to influence the demand for energy and related emissions required to 
maintain a set level of energy services or comfort in homes.  Using the parameters 
set out by Haas (1997) in a study of energy efficiency indicators, technical changes 
in homes and to appliances, and structural changes to the sector’s energy supply 
relate to the energy intensity and carbon intensity trends.  The third term of the 
identity (GDP/POP) refers to both economic and socio-economic (demographic) 
factors which influence the level of service/comfort householders need to, or wish to, 
achieve.  For the UK residential sector there is another factor, external temperature, 
which influences energy demand and emissions by making it harder for 
householders to maintain comfort levels in terms of space heating energy service.   
In this thesis, five broad categories of influencing factor are identified: technical and 
structural factors which shape the energy demand and emissions for a set level of 
service; economic and socio-economic which shape the level of energy service 
demanded by householders; external temperature which can make it more or less 
difficult to maintain service levels.  There are crossovers between these groups and 
the form of their influence; for instance, the switch to central heating in the vast 
majority of homes over the last 40 years has shaped both the energy required for 
space heating, and has also changed people’s expectations of how warm their 
household should be throughout (Palmer and Cooper, 2014, p46).  Nevertheless, 
these categories will be used as the foundations for identifying variables and data 
sets to support analysis of the influence of different factors on energy use and 
emissions in the UK housing sector.  In addition, as shall be seen in the rest of this 
chapter, definitions of energy efficiency and studies of sector energy use and 
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emissions can often be categorised using these parameters.  The different 
categories of factors are summarised in Figure 2.3 below.   
Figure 2.3: Categories of factors which influence energy use and related emissions in the UK 
residential sector. 
  
2.2.4 Policy as an influence on sector energy use and emissions 
In addition to the five categories of influencing factors identified, policy can be 
considered to be an additional category.  The policy category would cover building 
regulations, energy efficiency schemes, availability of grants for home improvements 
and changes to energy supply due to national energy policy. The policy review in 
Chapter 3 will identify where different policies and regulations fit, in terms of whether 
historically they have shaped the energy use and emissions for a set level of service 
or whether they have sought to influence the level of energy service demanded by 
householders.  Recent policy initiatives for the UK residential sector, the Green Deal 
and Energy Company Obligation, focussed on encouraging take up of efficiency 
improvements and micro-generation opportunities, financed by householders or 
energy companies (DECC, 2012a and EST, 2014).  Funding for the Green Deal has 
recently been abandoned.   
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In reference to the categories outlined in the previous section many of the policies 
and initiatives mentioned so far focus on improving technical efficiency or changing 
the energy supply structure, and, therefore, on reducing the amount of energy used, 
and emissions released, for a set level of service.  The ability of energy policy to 
influence the socio-economic characteristics of UK homes is minimal. Policies such 
as the introduction of a VAT levy on domestic fuel and power in 1994 have 
influenced the energy price, and in recent years green levies and feed-in-tariffs may 
have influenced prices (this is explored in the policy review in Chapter 3).  
Undoubtedly though, for policy initiatives to be effective in reducing whole sector 
energy demand and emission, they need to consider the influence of economic and 
socio-economic factors and not just how to improve the technical energy efficiency of 
homes.  It seems likely that how householders use energy and behave in relation to 
technical energy efficiency improvements and structural change is influenced by a 
range of factors.   
The next section of this chapter will explore how different studies model energy use 
and related emissions in the UK residential sector and identify which factors these 
studies propose to be drivers.  There are different types of studies with different 
methods and perspectives, as will be discussed.  The role different types of studies 
play in relation to energy policy varies, so different models highlight different 
priorities.  This is important to consider in identifying an appropriate approach for 
modelling sector energy use and emissions (Research Objective 2) which can 
examine historical policy effects.   
2.3 Studies and models of UK residential sector energy use and 
emissions 
2.3.1 Top-down and bottom-up models of the sector 
Examining the literature related to UK residential sector energy use and emissions 
reveals that different model types focus on particular parameters to model and 
estimate the rate of change of energy demand and/or CO2 emissions in the sector.  
In addition, they broadly fall into two categories of ‘top-down’ or ‘bottom-up’ models.  
A top-down approach uses aggregated data, fitted to a historical time series of 
national energy consumption, or CO2 data, to investigate the inter-relationship 
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between the energy sector and the macro economy.  In a bottom-up approach, data 
at a disaggregated level is combined to produce an estimate of energy demand and 
emissions for the whole sector.  Hybrid models combine components of both top-
down and bottom-up models, or components of different types of bottom-up models 
(Kavgic et al., 2010).   
With reference to the categories of influencing factor discussed in section 2.2, top-
down macro-level models largely estimate the effect of economic and demographic 
factors such as energy prices and income, on energy demand and emissions by 
regressing factors against consumption data to determine trends (Swan and 
Urgursal, 2009).  Top-down econometric models have been developed to calculate 
behavioural change at the sectoral level, but the broad nature of the model and use 
of a small number of aggregate data sets can preclude the assessment of 
technological change required to generate future decarbonisation pathways and 
inform policy (Wilson and Swisher, 1993).  Additionally, analysis of regulation and 
policy effects is challenging because top-down econometric models lack the 
technological explicitness of bottom-up models.   
In terms of the residential sector, examining how households have responded to 
changing economic factors is a common focus of econometric models which 
generate estimates of price and income elasticities.  Hunt et al. (2003) also consider 
climatic factors by using structural time series modelling techniques to examine the 
‘underlying trends and seasonality in UK energy demand’ and identify factors which 
should be taken into account to avoid bias in estimates of elasticities.  In a later 
study, Chitnis and Hunt (2012) use the same technique to examine the drivers of UK 
household energy expenditure and associated CO2 emissions, comparing economic 
factors, price and income, and non-economic factors such as temperature and 
carbon intensity.  In another example of top-down sector modelling techniques, 
decomposition analysis (e.g. Agnolucci et al., 2009) is used to attribute emissions 
reductions to changes in the carbon intensity of energy supply, energy intensity of 
energy expenditure, household size and population. 
In comparison, bottom-up models and, particularly in the UK, building stock models, 
focus to a greater extent on technical factors related to the energy efficiency of the 
housing stock, using survey data to calculate or simulate energy demand and 
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emissions at different levels of detail (Swan and Urgursal, 2009).  There are several 
UK building stock models which have estimated the baseline energy consumption of 
residential stock to predict possible future energy demand (Kavgic et al., 2010).  
Models consider a sample of houses and their characteristics such as the efficiency 
of space heating systems, dimensions of dwelling areas, age, construction type, U-
values of walls, roofs, floors, windows and doors, internal temperatures and number 
of occupants.  
UK building stock models largely use the same core calculation engine (BREDEM) 
(Building Research Establishment, BRE, 2012) but differ in the level of 
disaggregation of different groups of building types considered to represent the UK 
housing stock.  In order to model energy demand and emissions for the whole or part 
of the residential sector, building stock models define a number of house groups or 
archetypes based on different criteria such as age, construction type and thermal 
characteristics, and use data inputs to estimate the energy demand for each group. 
The number of groups/archetypes varies greatly between UK models; for example, 
the Johnston model (Johnston et al., 2005) uses only two dwelling types, pre and 
post-1996, whereas DECarb (Natarajan and Levermore, 2007) has 8064 housing 
combinations for 6 different age bands.  Models that disaggregate to a high level run 
the risk of there being insufficient data for each housing category, whereas, in 
comparison, less disaggregated models offer less detailed results and assessment 
of the influence of different efficiency measures is a greater challenge (Kavgic et al., 
2010).  
The reliability of these models to calculate future energy demand reduction, or the 
effectiveness of energy efficiency measures, is arguable; Summerfield et al. (2010 
and 2011) suggest that they remain ‘unproven as a robust predictive tool for carbon 
savings’. In bottom-up building stock models, estimates of individual impacts on 
energy use are incorporated into the model’s predictions of total annual energy 
demand and emissions (Kavgic et al., 2010).  Largely, the estimates are unpublished, 
and the effect of uncertainty on model inputs has not been quantified.  There are 
recent exceptions to this; for instance, the Community Domestic Energy Model 
(CDEM) (Firth et al., 2010) quantified the effects of uncertainty of model inputs on 
model prediction and the Domestic Energy and Carbon Model (DECM) (Cheng and 
Steemers, 2011) detailed the major assumptions involved in calculations. 
Chapter 2: Literature survey and meta-review 
28 
 
Additionally, though this type of bottom-up model is technically explicit, historical 
analysis of changing energy efficiency trends is generally not the aim of the model 
and is challenging due to the huge data requirements.  The review by Kavgic et al. 
(2010) of bottom-up building stock models for the residential sector, identifies that in 
the UK the only building stock model which assesses the historical energy savings 
and costs related to efficiency improvement measures is BREHOMES (Shorrock and 
Dunster, 1997).  Even when this type of analysis is carried out, the related effect of 
economic factors such as the price of energy and household income on take-up and 
use of energy efficiency improvements is not examined (Cambridge Econometrics 
(CE), 2010), highlighting a further limitation.   
2.3.2 Role of model types in policy decision-making 
The benefits and limitations of both types of model, bottom-up and top-down, have 
implications for their use in, and influence of, policy initiatives related to the sector.  
In the UK, building-stock models have been developed, firstly with the aim of helping 
policy-makers to predict future energy use in the sector and the impact of take-up of 
different energy efficiency measures, and additionally to establish targets for 
emissions and energy demand reductions (Kavgic et al., 2010).  Unlike bottom-up 
building stock models, top-down econometric models specifically consider the 
behavioural change caused by increases or decreases in energy prices and income.   
Unfortunately, where housing energy demand is modelled using only a few 
econometric indicators, the model is often inadequately detailed in terms of the end 
uses of energy in the sector (Haas and Schipper, 1998) and, therefore, the 
contribution of these studies to decarbonisation scenarios and planning is limited  
At a national level, the Department of Energy and Climate Change (DECC) has 
collaborated with different groups and utilised outputs from bottom-up models of the 
whole UK energy system with sector sub models for the UK residential sector, or UK 
building stock models. This appears to be good practice by DECC, to source models 
and advice from a wide range of different research teams.  In terms of energy 
system modelling, the MARKAL set of models informed the analysis behind the 2003 
and 2007 Energy White papers, the 2008 Climate Change Bill and the 2009 Low 
Carbon Transition plan, as well as reports produced by the Committee on Climate 
Change (CCC) (Strachan et al., 2009).  MARKAL is a ‘widely applied, data driven, 
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bottom-up, dynamic, linear programming optimisation model’ (Kannan et al., 2009), 
designed for application at different national and sectorial levels.  It links a model of 
the national energy system with technological characterisation and explicit 
calculations of gross domestic product (GDP) and other macro variables using high 
level trends for the changing average efficiency of appliances and heating system 
used within homes.  In recent years MARKAL has been succeeded by the 
TIMES/TIAM UCL model, which is similarly used to calculate optimal technologies 
and commodity mixes for decarbonisation scenarios (University College London 
(UCL), 2014).   
The focus of the MARKAL/TIMES energy system model analysis is on greenhouse 
gas emissions reduction to meet future international and national targets.  In 
comparison, the UK housing energy fact file produced for DECC, focuses on energy 
use and has been underpinned in recent years by the outputs of the Cambridge 
Housing Model (CHM), developed by Cambridge Architectural Research.  The CHM 
is a domestic energy model for England and the UK which generates estimates of 
energy use for DECC, the UK HEFF and the Energy Consumption in the UK report 
produced by DECC, using data from the English Housing Survey (EHS) (Hughes et 
al., 2013).  Previous Fact Files were produced by the Building Research 
Establishment (BRE) and built around a number of analyses conducted using the 
BREDEM/BREHOMES models (Shorrock and Utley, 2003).  The building physics 
calculations of housing energy in the CHM are based on the Standard Assessment 
Procedure (SAP) 2009 for energy ratings of dwellings; the SAP methodology for 
assessing the energy performance of housing was initially developed by BRE, based 
on the BREDEM model.  The predictive accuracy of the SAP ratings has not yet 
been tested on large scale housing data sets.   
In terms of the UK residential sector and housing energy use, the UK Housing 
Energy Fact File provides a useful amalgamation of data for government 
policymakers and researchers, with, as can be seen here, a focus on the outputs of  
building stock models.  This focus on the technical efficiency of the housing stock 
provides useful predictions of the changes to the stock required to reduce energy 
demand and related emissions in the sector.  Recent sector energy policy has 
focussed on measures to encourage investment in energy efficiency improvements 
and low carbon technologies in homes, while building regulations have aimed to 
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improve fabric insulations standards in new and retrofitted properties, measures 
which focus on technical energy efficiency (Palmer and Cooper, 2014).   
One issue previously mentioned, is that the reliability of building stock models to 
accurately predict future energy use is questionable and unproven (Summerfield et 
al., 2010 and 2011).  The UK Housing Energy Fact File identifies gaps in current 
understanding of energy use, particularly in terms of how income and home 
ownership influence why householders invest in home improvements and how they 
adapt to these improvements (Palmer and Cooper, 2014 p 26 and 31).  For policy 
and regulation focused on technical efficiency improvements, greater understanding 
is needed of how economic and demographic factors influence householder 
behaviour, than that currently provided by bottom-up building stock models.  If top-
down models are to contribute to this gap, more information about how energy is 
used in homes needs to be integrated into top-down models to better understand the 
relationship between energy demand and emissions, technical efficiency and other 
influencing factors.  Better assimilation of energy end-use information into top-down 
models could provide useful information for policy-makers, additional to that provided 
by bottom-up sector models.   
2.3.3 Comparing different models of UK residential sector energy demand 
The broad aim of this study is to examine the factors which have influenced energy 
demand and emissions of the UK residential sector and to consider the implications 
for policy.  In this section, a review of top-down and bottom-up modelling techniques 
and their relationship to policy design has identified some of the models developed 
for sector analysis, which have estimated the influence of different factors on energy 
demand and emissions.  Two reviews of residential sector modelling techniques 
(Swan and Urgursal, 2009 and Kavgic et al., 2010) offer comprehensive discussions 
of the characteristics, strengths and limitations of different end-use energy 
consumption models and bottom-up building stock models.  In addition, Kannan and 
Strachan (2009) compare UK energy systems and sectorial modelling approaches 
used to generate long-term decarbonisation scenarios.  There is no obvious 
requirement to add to these comparisons with additional, in depth review of different 
modelling techniques, and their relationship with policy, further to the existing 
discussions.  Instead, to address the research aim, the focus of the study moves to 
Chapter 2: Literature survey and meta-review 
31 
 
examine the outputs of different UK residential sector energy demand and emission 
models and to consider to what extent they agree or disagree on the impact of 
different influencing factors.   
Reviewing sector modelling techniques has highlighted that over the time period 
examined in this study, 1970 to the present, there have been a number of different 
models and studies of UK housing energy and emissions, using a variety of methods.  
Some of these models are related; the Building Research Establishment (BRE) 
BREHOMES/BREDEM model’s core energy demand calculation module is used by 
other UK building stock models.  The models have also been utilised in analysis 
which underpins the Domestic Energy Fact Files (now the UK Housing Energy Fact 
File) produced for government, and also the SAP methodology which the Cambridge 
Housing Model is based on.   
The UK Housing Energy Fact File also brings together findings from top-down 
studies of the sector, reporting current understanding of the elasticity of energy 
demand in relation to energy price, for example.  The report summarises findings 
from both historical and recent modelling of the sector but largely does not compare 
findings across studies.  In this thesis, there would appear to be value in examining 
the outputs of studies which have modelled UK housing energy and emissions 
between 1970 and the present to gain insight into how understanding of the 
influence of different factors has evolved over time.  A thorough review of the outputs 
of different models could also aid identification of a hierarchy of influencing factors in 
the literature, in terms of which technical, structural, economic and socio-economic 
factors, as well as temperature, are considered to have the greatest impact on sector 
energy use and emissions.   
For these reasons it is proposed that meta-analysis methods should be used to 
review the outputs of models of UK residential sector energy use and emissions.  As 
shall be discussed, meta-analysis is an extensively used research method applied to 
the task of synthesising quantitative outputs from research studies.  Aspects of this 
approach can be used in this thesis to compare the outputs from studies of housing 
energy and emissions.  In addition to aiding identification of a hierarchy of influencing 
factors and increasing understanding of how the research in this area has evolved, a 
methodical review of studies can also identify to what extent the historical 
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effectiveness of policy initiatives has been assessed.  In addition, the analysis can 
provide a useful summary of the different techniques used to quantify the effect of 
different factors.  Therefore, in the next section, the procedure for surveying studies 
or models of UK residential sector energy demand and emissions using a meta-
analysis style approach is presented and different studies and outputs are compared.   
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Chapter 2 Part 2 
2.4 A meta-review of studies of UK residential sector energy use and 
emissions 
2.4.1 Background  
In the previous section, a need to review the outputs of studies which have modelled 
energy use and related emission in the UK residential sector was identified. Meta-
analysis is a research method, first proposed by Glass (1976), used to synthesise 
quantitative outputs from research studies.  It is used extensively in medicine, 
psychology and the social sciences, and in recent years has increasingly been used 
in environmental economics and environmental studies (Nelson and Kennedy, 2009).  
Meta-analysis can be considered as a form of survey research, where research 
reports constitute the subject of the survey rather than people. A sample or 
population of research reports is gathered and assessed, and the characteristics and 
quantitative findings of the report coded (Lipsey and Wilson, 2001). Statistical 
methods used in meta-analysis studies vary, and can focus on counting the 
outcomes of studies, averaging effect sizes, examining how the size of the effect 
varies across studies, or providing predicted values of the variable under study in a 
particular sample set under a particular set of conditions (Cooper, 2010).   
There are two essential guidelines to completing a meta-analysis: firstly, quantitative 
studies examined must be conceptually similar and deal with the same constructs 
and relationships so that they can be meaningfully compared.  Secondly, it is 
important that the studies can be analysed using similar statistical forms. If these 
guidelines are ignored, a researcher runs the risk of performing a meaningless 
comparison of study findings that would be similar to statistically comparing ‘apples 
and oranges’ (Lipsey and Wilson, 2001).   
Lipsey and Wilson (2001) give four reasons that constitute the primary advantage of 
a meta-analysis.  Firstly, meta-analysis procedures impose discipline on the process 
of summarising research findings.  Secondly, meta-analysis can be considered to 
offer a more differentiated, sophisticated, and possibly more objective representation 
of study findings than other review processes that rely on selection and review of 
qualitative summaries such as a literature review.  Thirdly, meta-analysis can identify 
Chapter 2: Literature survey and meta-review 
34 
 
effects and relationships between variables that may not be uncovered in other 
research summaries.  Finally, meta-analysis provides a systematic route to handling 
data from a large number of study findings.  
Criticisms of meta-analysis question the value of carrying out a quantitative synthesis, 
though largely these criticisms reflect those levelled at primary data analysis (Cooper, 
2010).  One of the main problems associated with meta-analysis comes from the 
over-aggregation of research findings (the aforementioned ‘apples and oranges’ 
comparison). A small number of studies, or studies with highly heterogeneous results, 
can be difficult to compare in a meaningful manner and this must be addressed in 
selection, coding and analysis of findings. Placing too much emphasis on the overall 
effects and ignoring, to a greater or lesser extent, the mediation and interaction of 
effects can also cause problems, though this can be mitigated in analysis by 
empirically examining whether interactions exist.   
Using the meta-analysis approach can also lead to the exclusion of studies that 
could be considered as poorer quality due to a small sample size or area, or studies 
that have not been published in peer reviewed journals, which may nevertheless be 
worthwhile studies.  A combination of quantitative and qualitative reviewing could 
overcome this problem and allow the inclusion of such studies (Lipsey and Wilson, 
2001).  These potential challenges of using a meta-analysis style approach to 
compare the outputs of different models of UK residential sector energy demand and 
emissions are considered in the following sections of this chapter. 
2.4.2 Use in studies of energy demand and emissions.  
Typically, meta-analysis studies in the energy demand and supply area focus on 
energy economics, and use meta-regression analysis to compare a set of primary 
studies with a single, common, empirical outcome such as long-run or short-run price 
elasticity of oil (Nelson and Kennedy, 2008).  In these types of analysis the 
dependent variable for the meta-regression is a common summary statistic used in 
all the studies, for example, the regression coefficient for price elasticity. The 
independent or moderating variables of the analysis are defined by the 
characteristics of the primary studies used in the analysis and could include study 
design, valuation method, sample size, characteristics of the primary data, model 
specification and place and date of publication.   
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There are previous examples where meta-analysis has been used to quantitatively 
summarise studies related to energy and emissions.  For example, meta-analysis 
was used to compare the social cost of carbon (SCC) (Tol, 2008) in an analysis that 
built on a previous meta-analysis (Tol, 2005) examining the marginal damage costs 
of CO2 emissions.  In an example with a specific focus on energy demand and the 
residential sector, Espey and Espey (2004) examined econometric studies which 
estimated residential electricity demand elasticities, in ‘Turning on the Lights: A 
Meta-Analysis of Residential Electricity Demand Elasticities’.  Other studies use 
meta-analysis to examine gasoline demand elasticities (Espey, 1998), using long-run 
and short-run price and income elasticity estimates as the dependent variables, and 
to examine price elasticity of residential demand for water (Espey et al.,1997).   
In this thesis there will not be one common output summary statistic from models of 
UK residential sector energy demand and emissions which can be compared across 
all studies.  Largely, studies of the sector recognise that different economic, 
structural, technical, demographic and climatic factors interact and influence energy 
use and emissions in the sector; and often analyses are not focused on one 
particular category of influence. Instead, there are two main reasons for using meta-
analysis methods in this thesis to examine studies of the sector; firstly to create a 
hierarchy of factors considered to influence energy demand and emissions and 
secondly, to consider the historical evolution of model estimates of the impact of 
influencing factors and their role in relation to policy design.  There is not one 
common statistic which can be compared between studies and therefore the review 
in this thesis cannot be described as a meta-analysis but because the survey of 
studies is more analytical in its approach to comparing outputs than a literature 
review a more appropriate description is needed.  The approach taken also uses 
aspects of the meta-analysis method described in the literature and therefore the 
survey of studies described in this chapter will be described as a meta-review 
throughout this thesis. 
For the UK residential sector, different types of studies model changes in energy 
demand due to different parameters in different ways.  Similar types of studies, such 
as top-down econometric studies, may have similar quantitative outputs and this 
could allow for a limited comparison of the ‘effect size’ of a particular parameter such 
as price or income across studies.  Other studies, which model other categories of 
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influencing factors, may not have quantitative outputs which can be meaningfully 
compared.  Additionally, for building stock models in particular, the models share 
similar characteristics but largely the calculations of relative influence of particular 
parameters are incorporated in to the energy calculation module and are not 
reported (Kavgic et al., 2010).  Part of the meta-review procedure in this thesis is to 
identify where model outputs are comparable, in terms of the estimated influence of 
factors on energy demand and emission, and to identify where there is agreement on 
the extent of the influence. 
2.4.3 Study selection method 
In order to examine the outputs of studies which have modelled the UK residential 
sector between 1970 and the present, using meta-analysis techniques, it is important 
to state the boundaries of the analysis and to consider what questions need to be 
asked of the studies which will be surveyed.  Lipsey and Wilson (2001) suggest a 
number of stages in the selection of studies for a meta-analysis which if followed will 
define how the studies are surveyed and coded in the analysis: 
a) Specify the problem under investigation  
For this study, the problem under investigation is identifying the factors which are 
considered to influence UK residential sector energy use and emissions in studies 
which have modelled the sector between 1970 and the present.  Further to this, 
specific focuses are on ascertaining the size and direction of quantified impacts 
identified, and determining whether an assessment of the effectiveness of policy 
initiatives has been included in the studies surveyed in the analysis.  Another broad 
aim of the analysis is to examine how study outputs have evolved over time.    
b) Define the initial study eligibility criteria 
The focus of this research study is on the UK residential sector.  As was discussed in 
section 2.3, there is no need for a further general review of top-down and bottom-up 
residential sector modelling techniques in addition to those already available in the 
literature.  Therefore, there is no requirement to include studies which model 
residential sectors outside of the UK: only models of UK housing energy and 
emissions will be included in the analysis.  As defined in Chapter 1, for the purposes 
of this study, UK refers to England, Scotland, Wales and Northern Ireland.  
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Residential sector energy use is defined as ‘energy used in dwellings’ excluding 
petrol consumption (Utley and Shorrock, 2008) for five energy services obtained in 
homes: space heating, hot water, cooking, lighting and appliances.  For studies to be 
eligible they should model UK demand for energy and/or emissions in households for 
one or more of these services.  
c) Define the key variables 
For the meta-review, studies which are included should examine the influence of 
different factors on UK residential sector energy use for the five energy services 
identified, and/or the related emissions.  Influencing factors will fall under the 
category headings identified in section 2.2: technical and structural factors which, in 
general, affect the level of energy demand and emissions for a particular level of 
service; economic, demographic and climatic factors which impact on householder 
behaviour and the level of service demanded by householders.  Where reported in 
the literature examined, the effect size will be an estimate of the contribution of an 
influencing factor on housing energy demand, emissions or related trends such as 
energy expenditure.  
d) Define the research methods used in studies 
To avoid over aggregating research findings, eligible studies should ideally use 
similar research designs and have similar methodological features, but, as previously 
discussed, models of the residential sector largely fall into two methodological 
categories of either top-down or bottom up studies, with some a combination of both 
types (hence why the survey of studies in this section is described as a meta-review 
rather than a meta-analysis).  The full range of different research methods used to 
estimate the influence of factors on energy demand and emissions is unknown until 
all studies have been collated, but initial examination identifies that it would be 
inappropriate and probably impossible to statistically compare the outputs across all 
studies.  As discussed, comparison between groups of similar studies which have 
examined the same influencing factors, for instance price and income, may be 
possible, but the main focus of the analysis is on generating a hierarchy of different 
influencing factors considered to influence energy demand and emissions at the 
sector level.  Therefore, study research methods should be similar in their spatial 
and temporal coverage, with all models comparing UK housing energy use and 
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emission at the sectoral level between 1970 and the present, but there is no need for 
all models to be specifically top-down, bottom-up or a mixture of the two.    
e) Cultural and linguistic range, time frame and publication type 
The focus of the study is on UK residential sector energy demand and emissions and 
therefore it is likely that the majority of studies will have been conducted within the 
UK, with the exception of studies which have compared different countries’ 
residential sector energy demand.  Studies not reported in English will not be 
included in the analysis because it is unlikely that they will describe the UK situation. 
One of the aims of the analysis is to examine if and how the outputs of sector models 
have changed over time.  There is no necessity to only use recent studies, though 
there is a requirement that the time period of the analysis falls within the timeframe 
considered in this thesis.  This time period is defined by the data which is available.  
In the UK Housing Energy Fact File Data Tables (DECC, 2014c) and Energy 
Consumption in the UK (DECC 2014a), data sets, generally do not go back further 
than 1970.  Therefore, studies included in the sample must fall in to the time period 
1970 to the present.  Further justifications of inclusion or exclusion of studies due to 
their time frame may become apparent when selecting and coding relevant studies.   
Initial examination of studies suggests that the majority are peer-reviewed papers or 
reports for governmental organisations.  Both types of study are linked to policy 
decision making and therefore, in the analysis it will be appropriate to include non-
peer reviewed government studies.  Lipsey and Wilson (2001, p19) state that 
quantified ‘effect sizes’ reported in published studies are often larger than those in 
unpublished material and excluding non-published studies can subsequently lead to 
an upward bias in estimates of average effect sizes.  This supports the inclusion of 
non-peer reviewed studies though, as discussed; there is no intention to aggregate 
effect sizes across models in this meta-review.  Further justification of the eligibility of 
different studies due to publication type will become apparent during the search for 
papers.  
2.4.4 Overview of identified studies 
For the meta-review, information has been recorded for 38 studies of UK residential 
sector energy use and emission.  Studies were initially identified by examining 
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review articles of residential sector modelling techniques and then, in turn, through 
examining the references of studies identified.  Additional studies were identified via 
the UK Housing Energy Fact File, previous domestic energy fact files, other reports 
from DECC and through searches of academic papers using ‘google scholar’.  At this 
stage, details were recorded for all studies which adhered to the criteria outlined in 
the previous sub-section.  Some studies were excluded because they either:  
• modelled household energy use at the household level in case studies and 
therefore the number of houses in the sample was too small to be 
representative of the whole UK housing sector, or 
• formed part of a series of studies related to a particular model (for example 
BREHOMES) and did not offer additional outputs for comparison in the meta-
review. 
To survey the identified models, pertinent information regarding the characteristics of 
the model and study were recorded and the study was assigned a name: either the 
given name of the model or the main authors’ name.  Information collated recorded 
the study year, reference, analysis type (e.g. building stock model, econometric) 
input data range, publication type, and a brief description of the model.  In addition, 
three questions were asked of the studies to identify their role in terms of policy, 
historical assessment of the sector or use in producing energy and emissions 
projections for the future: 
1) Does the study report quantified estimates of the influences of particular factors 
on UK residential sector energy demand/and or emissions which can be compared?  
2) Does the model quantitatively assess the historical effectiveness of policy 
initiatives? 
3) Is the model used to predict/project future energy demand and emission pathways? 
The full details of all studies surveyed in the analysis are presented in Table 2. 
Models in the sample generally fall into five different categories: top-down 
econometric (eight models), bottom-up econometric (six models), decomposition 
analysis (five models), building stock (twelve models) and energy system (three 
models).  The remaining four models fall outside of these categorisations.  
Decomposition analysis models can be further categorised as either 
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structural/economic efficiency or technical efficiency analyses.  The following section 
will discuss and compare the characteristics of the different categories of studies 
presented in Table 2.1.   
2.4.5 Summary of study characteristics 
The 38 models described in Table 2.1 broadly fall into five different categories which 
are summarised in Figure 2.3 below.  One of these categories, top-down 
econometric models, investigates the inter-relationship between the energy sector 
and the macro economy.  The eight studies identified as top-down econometric 
models of the UK housing sector use different techniques to investigate the historical 
relationship between economic factors such as price and income and trends related 
to energy demand and emissions, over different time periods.  Trends examined 
include household energy expenditure (Chitnis and Hunt, 2012), annual delivered 
energy (Summerfield et al., 2010), and final-user fuel demand (Fouquet et al., 1996). 
The top-down econometric models make estimates of price and income elasticities, 
with respect to these different measures, and seek to explain how householder 
behaviour has been influenced by economic factors over the period of time 
examined in the study.  All eight models present quantitative estimates of the 
influence of different factors on energy related trends.  Two studies use their models 
to produce projections of future energy demand of expenditure.  Four of the studies 
make a quantitative assessment of historical policy effects.   
Five of the studies in the sample use decomposition analysis (DA) techniques.  Two 
of the studies consider structural and socio-economic influences whereas the other 
three studies are more focussed on technical and structural changes.  DA is used to 
generate price and income elasticities with respect to demand measures and energy 
and carbon intensities (Greening et al., 2001).  In the technologically focussed 
studies, decomposition analysis is used by the Building Research Establishment 
(BRE) (e.g. Shorrock, 2000 and Shorrock, 2003) to attribute reductions in energy 
demand and emissions to technical efficiency improvements and other factors.  
These technical efficiency decomposition analyses use the BREHOMES/BREDEM 
building stock model (Shorrock and Dunster, 1997) and contribute to Domestic 
Energy Fact Files produced by BRE (e.g. Utley and Shorrock, 2008).  
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Four of the DA studies present quantitative estimates of the relative influence of 
different influencing factors.  Two of the studies present projections of future 
scenarios for emission/energy reductions: Agnolucci et al. (2009) and Utley and 
Shorrock (2008) in the Domestic Energy Fact File.  All three DA studies by BRE 
make quantitative historical assessments of uptake of technical efficiency 
improvements linked to policies and grant schemes.   
There are six bottom-up econometric models in the sample which use household 
level survey data to generate energy price and income elasticities for different 
household types differentiated by factors such as central heating type, home 
ownership or household income levels (e.g. Micklewright, 1989, Baker and Blundell, 
1991, and Jamasb and Meier, 2013).  In general, studies present a large number of 
short run elasticities for different categories of households making comparison of 
elasticities from top-down econometric models more challenging.  All six models 
present quantitative estimates of influencing factor effects.  Only one model uses 
their model to make future projections and none of the studies model historical policy 
effects.  The studies can be split in to two time periods with three being relatively old 
(between 1989 and 1991) and three studies from more recent years (2010 to 2011).   
Twelve of the studies in Table 2.1 relate to building stock models.  In the last 15-20 
years building-stock models form a large proportion of models in the sample, which 
correlates with the focus on improvements to the technical efficiency of the building 
stock in policy and building regulations.  Most use algorithms from BREDEM in core 
energy demand calculation modules to produce estimates of future UK housing 
energy demand and carbon emissions, or use calculation methodologies based on 
SAP.  Some models have updated versions, for example, UKDCM (Boardman et al., 
2005), DECarb (Natarajan and Levermore, 2007) and BREDEM (Shorrock and 
Dunster, 1997).  Scotland has a housing stock model, DEMScot, which was 
developed with the aim of addressing some of the issues identified with BREDEM 12 
(Cambridge Econometrics (CE), 2010). 
Largely, the outputs of these studies are scenarios for achieving energy use and 
emission reductions: ten models present future scenarios and projections.  Though 
undoubtedly important to current understanding of energy use in the sector, most 
studies do not present estimates of the influence of different factors on sector energy 
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demand and emissions and therefore will not be considered in detail in the meta-
review.  There are three exceptions to this: Firth et al. (2010) and Cheng and 
Steemers (2011) report sensitivity analysis results which identify the most influential 
input variables in their models; the BREDEM 12 version of the building stock model  
supports a regression analysis of emission savings and costs related to efficiency 
improvements between 1978 and 2001 (Shorrock et al., 2005), and so also presents 
a quantitative estimate of policy effects.   
The final main category identified in the meta-review is energy system models.  
These are used to predict low carbon pathways or to make projections of the future 
costs of actions taken to reduce carbon emissions.  In the models, activity related to 
the residential sector is part of a wider examination of the whole energy system, 
where a model of residential sector energy use is contained in a sub-module within 
the model.  MARKAL is arguably the most well-known example of UK energy system 
models and has provided analytical underpinnings to major energy policy review in 
2003 and 2007 Energy White Papers.  MARKAL has a residential sector specific 
module which is highly aggregated, particularly in comparison with the building stock 
models discussed above.  None of these energy system models present assessment 
of historical policy effects or quantitative estimates of influencing factor effects and 
hence will not be considered in detail in the meta-review.  The remaining four models 
in the sample can be described as an appliance stock model (Boardman et al. 1995), 
an energy systems/econometric model (Barker and Jenkins (2007), a pathway 
calculator tool (DECC, 2013c) a quasi-multi regional input-output model (Druckman 
and Jackson, 2009).  These studies do not present estimates of influencing factor 
effects which are comparable with other studies.  In the case of Druckman and 
Jackson this is because emissions are included related to products as well as energy 
services and some of these emissions are emitted outside of the UK.   
The full details collated for the studies and models examined in the meta-review are 
presented over four pages in Table 2.1 at the end of this section.  Figure 2.4 above 
summarises the different categories of studies discussed in this sub-section and their 
characteristics in terms of the variables and trends they examine, giving examples 
for each from the meta-review sample.  The following section (2.5) of this chapter 
compares the research outputs, where possible, of the studies included in the meta-
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review sample.  Comparison of outputs will focus on the different types of influencing 
factors examined in studies, namely, economic and socio-economic factors such as 
price and income, temperature, technical efficiency improvements and structural 
changes to the UK’s energy supply industry.  The final part of section 2.5 will 
consider quantitative estimates of policy effects.   
  
Figure 2.4: Methods of modelling UK residential sector energy demand and emissions 
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Table 2.1: Meta-review studies of UK residential sector energy demand and emissions. 
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ID
N
am
e
D
escription of m
odel/study
Year
R
eference
Type of 
analysis
Q
uantified 
effect 
com
parable?
S
cenarios / 
projections?
H
istorical 
policy 
assessm
ent?
D
ata tim
e-
period
P
ublication 
type
32
D
E
C
AD
E
A
 policy response-interaction m
odel for 
energy dem
and from
 appliance use in 
the U
K
 used to estim
ate historical and 
future energy dem
and and C
O
2 
em
issions.
1995
B
oardm
an et al. (1995)
Appliance 
stock
N
 
Y
  
Y
1970-1994
E
C
I report
33
E
S
M
E
E
nergy system
 m
odel for pathw
ay 
optim
isation / policy-neutral cost 
optim
isation w
ith links to single 
building and building stock therm
al 
efficiency m
odels used to produce 
cost projections.
2014
E
TI (2014)
E
nergy system
 
m
odel
N
 
Y
N
  
2010
E
TI R
eport
34
TIM
E
S
/TIAM
 
U
C
L**
S
uccessor to M
A
R
K
A
L
2009
U
C
L E
nergy Institute (2014)
E
nergy system
N
 
Y
  
N
  
2005 &
 2010
U
C
L w
ebsite
35
M
AR
K
AL
U
K
 energy system
 m
odel - w
idely 
applied, dynam
ic linear program
m
ing 
optim
isation m
odel w
ith residential 
sector m
odule used to produce low
 
carbon pathw
ay/scenarios.
2008***
S
trachan and K
annan 
(2008),                      
K
annan and S
trachan 
(2009)
E
nergy system
N
 
Y
  
N
  
2000
P
eer review
ed
36
M
D
M
-E
3
U
K
E
R
C
/C
am
bridge E
conom
etrics 
regional M
ulti-sectoral D
ynam
ic M
odel 
of the U
K
 econom
y w
ith a dom
estic 
energy sub-m
odel to sim
ulate energy 
dem
and.  The sub-m
odel is technology 
based used to produce scenarios/ 
projections.
2007
B
arker and Jenkins (2007)
E
nergy system
  
/ E
conom
etric
N
 
Y
  
N
  
2010
U
K
E
R
C
 report
37
D
E
C
C
 2050
D
E
C
C
's 2050 pathw
ay calculator for 
producing energy and em
ission 
projections includes dom
estic sector 
inputs.
2013
D
E
C
C
 (2013)
P
athw
ay 
calculator
N
 
Y
  
N
  
2007
D
E
C
C
 w
ebsite
38
Q
M
R
IO
Q
uasi-m
ulti-regional input-output 
m
odel socio-econom
ically 
disaggregated fram
ew
ork for attributing 
C
O
2 em
issions to people's high level 
functional needs.
2009
D
ruckm
an and Jackson 
(2009)
Input/output 
carbon 
footprinting
N
 
N
 
N
  
1990-2004
P
eer review
ed
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2.5 A meta-review of studies: comparison of research outputs. 
2.5.1 Price effects in studies of UK residential sector 
Table 2.1 in the previous section summarises the details of 38 models identified in a 
methodical review of studies.  Earlier in this chapter, a review of the literature on 
factors which influence energy use and related emissions in the sector highlighted 
economic drivers such as energy prices as a factor.  Among the 38 studies in the 
meta-review sample, 14 have estimated the impact of price on different trends 
related to energy use in UK housing.  Within the different categories of model 
described in figure 2.4, those which estimate price effects largely fall under the 
category of top-down or bottom-up econometric models.  Amongst the 14 models 
examined for price effects, different dependent variables related to energy demand 
in homes are used in the analyses. The majority of studies use a dependent variable 
which is a measure of energy or fuel demand, though three studies use energy 
expenditure as the dependent variables.  Studies span a time period of 26 years 
from 1989 to 2012.   
The details of outputs related to price effects from all 14 models, as well as all other 
study outputs discussed in this section, are presented in Appendix A.  There are a 
large number of outputs in terms of price, income and other elasticities from bottom-
up econometric studies.  This is due to the numerous categories of households 
considered in their analysis which consider different household characteristics.  
Because this thesis is focussed on a historical analysis of the whole residential 
sector, discussion will concentrate on results top-down, whole sector studies of the 
residential sector.  Therefore, in this section, Table 2.2 below shows top-down 
econometric estimates of short-run and long-run price elasticities, from studies 
identified in Table 2.1, for energy demand only. Outputs from bottom-up studies 
which are important to the discussion will be highlighted where necessary and a full 
list is available in Appendix A. 
The top-down and bottom-up econometric approaches to calculating elasticities in 
the UK and other countries are discussed in detail in a report for the Scottish 
Government by Cambridge Econometrics (Cambridge Econometrics, 2010) and in 
Espey and Espey’s (2004) meta-review of residential electricity demand: both 
Chapter 2: Literature survey and meta-review 
49 
 
studies are focussed on estimating price effects.  There is no need for this thesis to 
duplicate those discussions and, additionally, price effects are just one of a range of 
influencing factors to be considered in this research.  Therefore discussion will focus 
on the key points regarding price elasticities and UK residential sector energy use.   
Table 2.2: Outputs related to price effects from studies of UK residential sector energy use and 
emissions 
 
In all tables: the ‘dependent variable’ is the energy related trend examined by the study.  
‘Measure’ refers to the method for quantifying the influence of the explanatory/independent 
variable on the dependent variable (in Table 2.2 the effects of price are reported as 
elasticities).  ‘Effect’ refers to the response of the dependent variable (the energy related 
‘trend’ under examination), either an increase (I) or decrease (D), implied by an increase in 
the independent variable (in this case price).  ‘Effect size’ refers to the size of the measure 
(price elasticity) of increase or decrease in the dependent variable.  
Dependent 
Variable Measure Effect size Effect ID NAME
Energy expenditure SR & LR 
elasticities 0, -0.28 (0.38
i) D 1
Chitnis & 
Hunt
i Contribution to average % per 
annum change in housing real 
expenditure (in logs) 1989 to 2009
Delivered energy Short-term 
price elasticity
-0.2 D 3 ADEPT
Energy demand LR elasticity -0.22 (-0.23ii) D 4 Hunt et al.
ii Dimitropoulos et al. (2005) 
estimate
Energy demand LR elasticity -0.01 D 5 Clements & 
Madlener
Elasticity statistically insignificant
Energy demand
SR & LR 
elasticities 
(various)
-0.131, -0.172, 0.003, 
0.004, -0.135
D 6 Haas & 
Schipper
Five estimations of short and long-
run elasticties from econometric 
models 1-5.
Energy price LR 
elasticity
-1.36 to -1.25 D
Fuel price LR 
elasticities
-1.41 to -1.37 D
Energy Demand
SR & LR 
elasticities -0.12, -0.30 D 8 Barker
Fuel demand - Coal -1.22, -0.73 (-2.02iii) D
Fuel demand - Oil -1.64, -1.71 (-0.90iii) D
Fuel demand - Gas -0.50,  0.92 (-1.37iii) D / I
Electricity demand -1.01, -0.39 (-1.26iii) D
Energy (& Energy 
intensity)
Energy price 
elasticities -1.394 (0.490)
iv D (I)
Carbon emissions (& 
Carbon Intensity)
Energy price 
elasticities 1.345 (1.255)
iv I 
Fuel demand - Gas
Fouquet et 
al. 7
SR & LR 
elasticities 9 Fouquet
iii Own-price elasticity estimates 
from 1993 paper.
16 Greening et 
al. 
iv Elasticities statistically 
insignificant at the 10% level
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With reference to Table 2.2, short-run and long-run elasticities are generally negative, 
where an increase in price correlates with a decrease (D) in energy demand over the 
time period of the study.  The only exception to this amongst the top-down 
econometric estimates is Fouquet (1995) where the long-run own price elasticity for 
gas demand is 0.92.  In the study, it is proposed that this is the result of the need to 
shift to a more efficient fuel and an influx of new gas users when overall energy 
prices rose in the period from 1974 to 1994.  Three studies, Hunt et al. (2003), 
Dimitropoulos et al. (2005), and ADEPT (Summerfield et al., 2010) are in close 
agreement in terms of elasticities for energy demand with values for long-run 
elasticities around -0.2 to -0.23.  Barker 1995 is slightly higher at -0.30.  These 
outputs show that energy demand is inelastic with regards to price: the percentage 
change in energy demand in response to price changes is smaller than the 
percentage change in price. 
When the dependent variable is fuel demand rather than energy demand (Fouquet, 
1995 and Fouquet et al., 1996) there is greater variation between elasticities for 
different fuels and the measured response to prices is more elastic (often ≤ -1).  In 
comparison, Chitnis & Hunt ‘s (2012) examination of real energy expenditure in the 
sector estimates a long-run elasticity of -0.28, which is not too far away from 
estimates where energy demand is the dependent variable.   
Five bottom-up econometric studies in Table 2.1 examine the impacts of price on 
energy and fuel expenditure for groups of households categorised by different 
characteristics such as household income or tenure (Jamasb and Meier, 2011, and 
Meier and Rehdanz, 2010).  In terms of the outputs of bottom-up econometric 
studies (see full tables in Appendix A) the general trends for price elasticities are 
more changeable, though in general when energy or fuel demand is the dependent 
variable elasticities are negative.  There are some exceptions in earlier studies for 
certain demographics such as council tenants (Baker and Blundell, 1991) where gas 
price elasticities for gas and electricity demand are positive.  
When energy expenditure is the dependent variable in the analysis by Jamasb and 
Meier (2010) and Meier and Rehdanz (2010) price increases largely correspond with 
increased expenditure (or lower prices with decreased expenditure).  This is in 
contrast with the long-run price elasticity reported in Chitnis and Hunt (2012) where 
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real energy expenditure is the dependent variable.  The exception is for gas price 
elasticities and electricity expenditure in Jamasb and Meier (2010) where elasticities 
for most income brackets examined are negative.  As gas prices have increased 
electricity expenditures have decreases due to competition between fuels and 
electricity prices also increasing.   
Overall, the outputs from studies which examine price effects support the contention 
that the price of energy, or the price of individual fuels such as gas and electricity, 
has an impact on energy or fuel demand, and energy expenditure.  Price increases 
correlate with a decrease in energy or fuel demand but the long-run response is 
inelastic.  Only one study considers carbon emissions (Greening et al., 2001) but 
results are statistically insignificant.  It could be inferred that in general price 
increases would correlate with a decrease in emissions in line with a decrease in 
energy use.  The outputs from bottom-up studies related to different demographic 
characteristics will be discussed in more detail in the following section which 
considers socio-economic factors. 
2.5.2 Income and other socio-economic factors 
In addition to price, household income was identified as an economic driver of 
energy use and related emissions in the UK residential sector.  In the meta-review of 
studies, 14 studies have presented outputs where income effects are quantified.  As 
with price effects, the majority of results are presented in the form of short or long-
run elasticities in top-down studies or elasticities for different categories of household 
in bottom-up econometric studies.  As with price effects, the initial focus of this 
section will be on long run income elasticities estimated in top-down econometric 
studies of the whole residential sector.  The effect of income in relation to different 
household demographic factors will be considered in the second part of this section.   
The majority of studies have energy or fuel demand as the dependent variable in the 
analysis but four studies consider energy expenditure instead.  Studies cover the 
same time period as those with price related outputs As with price elasticities 
discussed in the previous section, Table 2.3 shows the results for top-down studies 
only but all income related outputs are included in Appendix A.  Outputs from seven 
studies are presented in Table 2.3.  When energy demand is the dependent variable 
(four studies) elasticity estimates are fairly consistent with increases in income 
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correlating with increases in demand and long-run estimates between 0.3 and 0.53 
(inelastic demand).  Income effects are generally bigger (more elastic response) 
when fuel demand (i.e. electricity, gas, coal and oil) instead of energy demand is the 
dependent variable (Fouquet, 1996 and Fouquet et al., 1995).  In some cases (for 
coal and oil) elasticities are negative though this is ascribed to households switching 
to gas central heating from other fuels.   
Table 2.3: Outputs related to income effects from studies of UK residential sector energy use and 
emissions 
 
When considering the income elasticities estimated in bottom-up econometric 
studies, they are generally smaller than those from top-down studies, particularly in 
studies where expenditure is the dependent variable.  The majority of elasticities are 
positive for all different household categories examined and where they are negative 
elasticities are very small or statistically insignificant.  Kelly (2011) in contrast with 
other studies, reports a real effect on household annual expenditure of a £67.80 
increase per £10000 increase in per annum income.  Jamasb and Meier (2010) 
estimate income elasticities for different household income groups, the results of 
which can be seen in the full output tables in Appendix A.  Results show that 
expenditure elasticities are highest for the £30 - 45K per annum income group.  
Dependent 
Variable Measure Effect size Effect ID NAME
Energy expenditure
SR & LR 
elasticities 0, 0 (-0.04
i) - 1 Chitnis & Hunt
i Contribution to average % per 
annum change in housing real 
expenditure (in logs) 1989 to 2009
Energy demand LR elasticity 0.3 (0.34ii) I 3 Hunt et al. ii Dimitropoulos et al. (2005) 
estimate
Energy demand LR elasticity 0.33 I 4
Clements & 
Madlener
Energy demand
SR & LR 
elasticities 
(various)
0.33 & 0.401, 0.38 & 
0.512, 0.46 & 0.463, 0.44 
& 0.534, 0.44 & 0.445
I 5 Haas & 
Schipper
Five estimations of short and long-
run elasticties from econometric 
models 1-5
Gas demand LR elasticity 0.98 to 1.15 I 6 Fouquet et al. 
Coal demand -0,97, -3.22 (-2.0iii) D
Oil demand -2.63, -1.25 (-0.19iii) D
Gas demand 0.68, 1.55 (1.15iii) I
Electricity demand -0.29, 0.24 (0.72iii) D / I
Structureiv Elasticity 0.601 I 16 Greening et al.
iv Changes in aggregate carbon 
intensity in UK
Fouquet   8
SR & LR 
elasticities
iii From Fouquet et al. 1993
Chapter 2: Literature survey and meta-review 
53 
 
A number of studies in the sample consider other demographic/socio-economic 
factors.  Table 2.4 below shows outputs from four studies which present quantified 
impacts of demographic factors on either energy expenditure or carbon emissions. 
Different study types are represented in table 2.4.  Two studies examine the impact 
of household size on household energy expenditure and carbon emissions.  Kelly 
(2011) estimates a real effect on annual household energy expenditure of £88.32 per 
extra person.  Firth et al. (2010) report the results of local sensitivity analysis on 
parameters from a Community Domestic Energy Model (CDEM) The normalised 
sensitivity coefficient for household size, equivalent to the percentage increase in 
output variable (household CO2 emissions) when the input parameter is increased by 
1%, is 0.08. In comparison to other factors examined this is relatively small. 
Table 2.4: Outputs related to socio-economic impacts from studies of UK residential sector use 
and emissions 
 
In Table 2.4, the additional column for socio-economic variable refers to the different 
explanatory/independent variable examined in studies.   
The other two studies, both by the Building Research Establishment (BRE), in table 
2.4 estimate the contribution of household growth as a component of change in 
carbon emissions.  Household growth has contributed positively to carbon emission 
between 1970 and 2001 (BRE 2003, Shorrock, 2000) and 1990 and 2000 (BRE 
2003, Shorrock 2003).  In both studies the contribution of household growth to 
Dependent 
Variable Measure Effect size Effect ID NAME
Socio-
economic 
variable
Energy expenditure
Standardised 
coefficient / 
Real effect
0.306 / £88.32 per extra 
person
I 11 Kelly
Standardised coefficient from 
Multiple Regression / Real effect 
on average household annual 
energy expenditure.
Number of 
householders
CO2 emissions
Component of 
change in 
carbon 
emissions 
(MtC)
13.65+/- 0.15% (5.17, 
4.51, 3.73, 0.25) I 18 BRE 2003
Overall change in domestic 
sector: -11.92 (-6.76, -4.13, -
4.26, 3.22). Between 1970 - 
2001 (1970-1980, 1980-1990, 
1990-2000, 2000-2001)
Household growth
CO2 emissions
Component of 
change in 
carbon 
emissions 
(MtC)
3.57+/-0.05 I 19 BRE 2000
Overall change in domestic 
sector -5.32.  Between 1990 - 
2000
Household growth
CO2 emissions
Normalised 
sensitivity 
coefficient*
0.08 I 21 Firth et al.
Equivalent to percentage 
increase in output variable when 
the input parameter is increased 
by 1%. Output variable is is 
average dwelling CO2 emissions 
(kgCO2). 
Household size
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carbon emissions is less than the other variable which contributes to emission 
increases, level of service, over the two time periods analysed.  
As mentioned, bottom-up econometric studies also study the impacts of different 
household characteristics on energy and fuel demand, or energy expenditure.  
Outputs related to socio-economic factors from two bottom-up econometric studies, 
Jamasb and Meier (2010), and Meier and Rehdanz (2010) are included in the full 
tables in Appendix A, specifically those results related to home ownership.  
Ownership is linked to increased electricity expenditure in Jamasb and Meier and 
higher price and income elasticities in Meier and Rehdanz, though this could be due 
to different characteristics of average ‘owned homes’ in comparison with rented 
homes.  Income and price elasticities from bottom-up studies also show the impacts 
of different characteristics on influencing householder response to price or income 
increases. There are other outputs examined in bottom-up econometric studies 
which are not included in output tables because it would not be possible to examine 
their influence in a historical whole-sector analysis, for example, number of children 
or house-type.   
A historical analysis of the residential sector will not be able to investigate the 
influence of different household socio-economic characteristics to the extent that the 
bottom-up econometric studies included in the meta-review sample do.  What these 
studies highlight which is important, and a point raised in the UK Housing Energy 
Fact File (Palmer and Cooper, 2014), is that better understanding is needed of the 
impacts of a range of factors such as tenure type, age of occupants, household type 
on how energy is used in homes.  With this in mind, the analysis in this thesis should 
consider how to examine the historical influence of socio-economic factors such as 
tenure and number of occupants in order to better understand the potential 
interactions with policy and other impacts.    
2.5.3 Temperature impacts: top-down and bottom-up studies 
As has been discussed, the external temperature, particularly during the winter 
heating system is recognised in the literature as a significant driver of energy use 
and hence related emissions in the UK residential sector.  The impact of temperature 
is quantified in twelve studies included in the meta-review sample and the research 
outputs are shown in Table 2.5 below.  Both top-down and bottom-up econometric 
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studies, as well as building stock models, and technical decomposition analyses 
consider the contribution of temperature to energy and emission increases and 
decreases.  The inclusion of temperature variables in a large number of studies 
highlights its integral role in how and why energy is used in households, creating 
both a basic requirement to use energy and produce emissions whilst also 
influencing the level of energy service householders demand.    
In terms of comparing the different outputs, different studies use different dependent 
variables in their analysis to represent the influence of temperature on energy use 
and related emissions.  Broadly, studies use either variables which represent the 
external temperature, either during the winter heating season or all year round, or 
heating degree days (HDDs).  Heating degree days are a measure of how many 
degrees, and for how long in days, the outside air temperature was lower than a 
base temperature and reflect the energy demand required to heat a building (Carbon 
Trust, 2015).   
The consensus between all studies is that higher temperatures, which ever measure 
is used, correlate with reduced energy demand and related emissions. The ADEPT 
model (Summerfield et al., 2010) quantifies this as a 1MWh (or 5% of the total) 
reduction in annual average deliver energy per household per 1°C increase in 
temperature during the heating season (January-March and October-December).  In 
terms of housing stock energy consumption, BRE 2008 (Utley and Shorrock, 2008) 
estimate a 3.28 GJ reduction per 1°C increase in average winter external 
temperature.  When heating degree days are considered the consensus is that an 
increased number of HDDs corresponds with increase demand or expenditure which 
is logical as the measure reflects energy demand for heating.   
The different measures of temperature effects can be seen in Table 2.5 but rather 
than comparing the relative effects within studies perhaps a more important point to 
consider is the relative effect in comparison with other variables.  Though a 
significant variable, the external temperature is not a factor which can be influenced 
by householders, policy makers or engineers and as mentioned it provides both a 
basic necessity to use energy but also influences desired comfort levels. Therefore, 
though it should be incorporated into models it is arguably more important to 
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consider the variable in conjunction with others which can, to varying extents, be 
controlled.   
Considering the studies in table 2.5 above: Chitnis and Hunt (2012) report average 
percentage per annum change in real expenditure for different variables of -0.18, 
0.38, -0.04, -0.10 and 1.11 for temperature, price, income, energy intensity and 
‘exogenous non-economic factors’ respectively.  If comparing these values, 
temperature has a smaller impact than price and ‘exogenous non-economic factors’ 
but a bigger influence than income and energy intensity.  In the ADEPT model, the 
average external temperature is one of only two predictor variables in a regression 
along with price which explains 76 % of the variation in annual delivered energy.  All 
three BRE models identify the contribution of external temperature to changes in 
energy consumption and carbon emissions.  In BRE 2000 and BRE 2003, external 
temperature is found to make a comparatively smaller contribution to carbon 
emission changes than all other factors except for ‘other carbon factor changes’.  In 
Cheng and Steemers (2011) and Firth et al. (2010), local sensitivity analyses 
estimate similar values for normalised sensitivity coefficients for external air 
temperature of -0.61 and -0.58.  In comparison with other parameters tested only 
service level measure, internal temperature and heating demand temperature have 
higher values.   
In terms of the results from bottom-up econometric studies, in Meier and Rehdanz 
temperature is not always found to be statistically significant in terms of energy 
expenditure for some household categories, for example, gas central heating 
expenditure and ‘renter’ households. Baker and Blundell present temperature 
elasticities for numerous different categories which range from 0.06 to 0.35 (the 
temperature variable is HDDs) for gas demand in winter.  These are generally less 
elastic than price elasticities and similar in range to income elasticities.   
The outputs for temperature effects shows that temperature is not a consistent 
indicator of energy related dependent variables, particularly not expenditure 
measures where not all outputs are significant.  For delivered energy, energy 
demand and carbon emissions there is perhaps more indication of a consistent 
relationship where higher external temperatures correlate with reduced energy 
demand or emissions.  Bottom-up econometric models show how the impact of 
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temperatures varies between different household categories with indication that 
renters and homeowners may respond differently to temperature variation.  The role 
of external temperature in influencing energy use and related emissions in the UK 
housing sector needs to be considered further in quantitative modelling of the sector.   
Table 2.5: Outputs related to price effects from studies of UK residential sector energy use and 
emissions. 
 
 
Dependent 
Variable
Temperature 
variable Measure Effect size Effect ID NAME
Energy 
expenditure
Annual average 
temperature °C
SR and LR 
temperature 
coefficient
-0.04, -0.06 (-0.18i) D 1
Chitnis & 
Hunt
*Contribution to average % per annum change in 
housing real expenditure (in logs) 1989 to 2009
Delivered energy
Average external 
temperature over 
the heating season
Actual and 
percentage change 
in delivered energy
1MWh (5%) per 1°C 
increase D 2 ADEPT
Energy demand
Average quarterly 
(& annual) 
temperature in °C
Temperature 
coefficient -0.0557 (-0.070
ii) D 3 Hunt et al.
ii Dimitropoulos et al. (2005) estimate.  Both statistically 
significant ≤ 0.1 
Energy demand
Heating degree 
days Coefficient
0.62, 0.44, 0.74, 0.65, 
0.65 I 5
Haas & 
Schipper
Five coefficients for temperature variable from 
econometric models 1-5.
Gas central 
heating 
expenditure
0.00019, 0.00025, 
0.00014, 0.00019
I
Logs of annual heating expenditures per room for gas 
and oil central heating: All, Owners (1991-2005) & All, 
Owners (1997-2005). (Renters not statistically 
significant.
Oil central heating 
expenditure 0.0014, 0.0018 I
Logs of annual heating expenditures per room for gas 
and oil central heating: Renters (1991-2005) & Renters 
(1997-2005). All and Owners not statistically significant. 
Energy 
expenditure
Heating degree 
days
Standardised 
coefficient / Real 
effect
0.046 / £2.50 per 1°C 
increase I 11 Kelly
Standardised coefficient and real effect on average 
annual household energy expenditure Limited data and 
large measurement error. P=0.088.  
0.345, 0.276, 0.125 I Winter, Spring/Autumn, Summer
0.327, 0.275, 0.445,     
-0.117
I (D) No central heating, Gas central heating, Elec. Central 
heating, Other central heating
0.274, 0.276, 0.266, 
0.273
I Mortgaged, Owner occupied, Council tenant, Rented 
accommodation.
0.294, 0.199, 0.061 I Winter, Spring/Autumn, Summer
0.169, 0.187, 0.358, 
0.2187
I No central heating, Gas central heating, Elec. Central 
heating, Other central heating
0.193, 0.195, 0.197, 
0.165
I Mortgaged, Owner occupied, Council tenant, Rented 
accommodation.
Housing stock 
energy 
consumption
Winter external 
temperature ° C
Actual change in 
energy consumption
3.28 GJ per °C 
change D/I 17 BRE 2008 Between 1970 - 2006 (extension of BRE2003)
Carbon emissions
Winter external 
temperature ° C
Component of 
change in carbon 
emissions (MtC)
-1.74 +/-5.4% (-0.21, -
3.40, 1.05, 0.82) D(I) 18 BRE 2003
Overall change in domestic sector:-11.92 (-6.76, -4.13, -
4.26, 3.22). Between 1970 - 2001 (1970-1980, 1980-
1990, 1990-2000, 2000-2001)
Carbon emissions
Winter external 
temperature ° C
Component of 
change in carbon 
emissions (MtC)
3.77+/-3.4% I(D) 19 BRE 2000
Overall change in domestic sector -5.32. Between 1990 - 
2000 (Contributes to emisson savings in 1992-1993, 
1993-1994 & 1996-1997) 
Carbon emissions External air 
temperature ° C
Normalised 
sensitivity coefficient
-0.61 D 20 Cheng & 
Steemers
Equivalent to percentage increase in output variable 
when the input parameter is increased by 1%. Output 
variable is is average dwelling CO2 emissions (kgCO2). 
Carbon emissions External air 
temperature ° C
Normalised 
sensitivity coefficient
-0.58 D 21 Firth et al. 
Equivalent to percentage increase in output variable 
when the input parameter is increased by 1%. Output 
variable is is average dwelling CO2 emissions (kgCO2). 
10 Meier & 
Rehdanz
13
Baker & 
Blundell
Gas demand
Electricity demand
Heating degree 
days Elasticities
Heating degree 
days
Regression 
coefficient
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2.5.4 Technical efficiency improvements and structural change 
Identifying the impact of improving technical efficiency on household energy use and 
emissions is the aim of a large body of research on the UK residential sector.  
Largely building stock models examine these impacts and make projections for 
future energy demand or CO2 emissions based on assumptions about the present 
and future condition of the UK building stock.  These studies mainly do not present 
estimates of the relative impact of different variables which can be examined in this 
thesis.  Of the studies included in the meta-review sample, six studies presented 
quantified estimates of the effects of technical variables on either energy expenditure 
energy use or carbon emissions.  Of these studies three consider the impact at a 
household level and three consider the impact of improvements on the housing stock 
over a period of time.  Starting with Kelly, 2011, SAP rating and floor area are both 
considered in terms of their impact on annual household energy expenditure with an 
increase in SAP rating from 30 to 90 corresponding with a £222 saving per 
annumand expenditure increasing by £23.44 a year for each extra 10m2 floor area.  
SAP ratings are the Standard Assessment Procedure methodology used by the 
Government to assess and compare the energy and environmental performance of 
dwellings (DECC, 2014d) and are discussed in detail in Chapter 3.  For now, it is 
enough to know that a higher rating means the house is more efficient.  The UK 
average SAP rating for households is approximately 52 (Palmer and Cooper, 2014, 
p31). 
The three BRE studies in Table 2.6 consider the same two technical changes over 
time: ‘improving heat loss’ (by reducing heat loss through insulation) and ‘improving 
heating efficiency’.  BRE 2008 presents estimates of annual household energy 
savings from these two improvements: a 0.28 GJ saving for each 1W/°C 
improvement in average dwelling heat loss relative to 1970 and a 2.18 GJ saving for 
each percentage point improvement in average heating efficiency.  BRE 2000 and 
BRE 2003 consider contributions to carbon emission changes and heat loss and 
heating efficiency improvements contribute to emission decreases.  In BRE 2003, 
between 1970 and 2001, these two factors make the biggest contributions to 
emission decreases above electricity supply industry changes and other carbon 
factor changes.  Heat loss improvements make a slightly bigger contribution.  In BRE 
2000, between 1990 and 2000 energy supply industry changed are a more 
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significant factor than both technical factors and heating efficiency makes a big 
improvement than the heat loss variable.  The contribution of energy supply industry 
changes and other carbon factor changes can be seen in Table 2.7.  
 
The final two studies in Table 2.6 are building stock models which present local 
sensitivity analysis results which allow for a comparison of the influence of different 
parameters in the model.  Numerous technical variables are tested.  In Cheng and 
Steemers (2011) (DECM) floor area has the biggest effect on average dwelling CO2 
emissions with the highest normalised sensitivity coefficient, followed by gas boiler 
efficiency where improvements in efficiency result in emission reductions.  The 
normalised sensitivity coefficient is equivalent to the percentage increase in the 
Table 2.6: Output related to technical effects from studies of UK residential sector energy use 
and emissions.  
Technical 
Variable
Dependent 
Variable Measure Effect size Effect ID NAME
SAP rating
-0.216 / -£222.00 30 → 90 
SAP
D
Standardised coefficient and real effect on 
average annual household energy expenditure 
of increasing house SAP rating from 30 to 90
Floor area
0.271 / £23.44 each extra 
10 m2
I
Standardised coefficient and real effect on 
average annual household energy expenditure 
of floor area increase
Improving heat 
loss
-0.28 GJ per 1 W/°C 
improvement
D
Improving heating 
efficiency
-1.56 GJ per 1% 
improvement
D
Improving heat 
loss
-17.57 +/- 1.4% (-7.95,       
-5.44, -3.42, -0.76)
D
Improving heating 
efficiency
-17.06 +/- 1.5% (-5.07,       
-5.68, -5.72, -0.59)
D
Improving heat 
loss
-4.09+/- 1.2% D
Improving 
efficiency
-4.34 +/- 1.6% D
Floor area 0.77 I
Gas boiler 
efficiency
-0.48 D
Wall U-value 0.21 I
Window U-value 0.12 I
Average storey 
height
0.48 I
Gas boiler 
efficiency
-0.45 D
Floor area 0.34 I
Wall U-value 0.27 I
Window U-value 0.19 I
BRE 200318
Energy 
expenditure
Standardised 
coefficient / Real 
effect
12 Kelly
Carbon 
emissions
BRE 200817
Component of 
change in 
carbon 
emissions (MtC)
Energy Use
Actual change in 
energy 
consumption
Between 1970 - 2006 (extension of BRE2003)
Equivalent to percentage increase in output 
variable when the input parameter is increased 
by 1%. Output variable is is average dwelling 
CO2 emissions (kgCO2). 
Equivalent to percentage increase in output 
variable when the input parameter is increased 
by 1%. Output variable is is average dwelling 
CO2 emissions (kgCO2). 
Overall change in domestic sector:-11.92 (-
6.76, -4.13, -4.26, 3.22). Between 1970 - 2001 
(1970-1980, 1980-1990, 1990-2000, 2000-
2001)
Overall change in domestic sector -5.32. 
Between 1990 - 2000
Firth et al. 19
Carbon 
emissions
BRE 200019
Normalised 
sensitivity 
coefficient
Normalised 
sensitivity 
coefficient
Carbon 
emissions
Cheng & 
Steemers
18
Carbon 
emissions
Component of 
change in 
carbon 
emissions (MtC)
Chapter 2: Literature survey and meta-review 
60 
 
output variable when the input parameter is increased by 1%.  Wall and window U-
values (a measure of heat loss) have smaller sensitivity coefficients.   
In Firth et al. (2010) (CDEM), dwelling carbon emissions are less sensitive to floor 
area and average storey height is more influential.  Gas boiler efficiency has a 
similar sensitivity coefficient value to the DECM model of -0.48 in comparison to -
0.45.  Dwelling emissions are again sensitive to wall and window u-values to a lesser 
extent.  In both models, dwelling carbon emissions are more sensitive to factors 
which cannot be influenced by policies and interventions, floor area and storey 
height, but factors which can be influenced, for example, gas boiler efficiency, are 
also significant.   
 
As mentioned above, two studies considered the impact of structural changes to the 
energy supply industry on carbon emissions.  The outputs related to these structural 
variables are shown in table 2.7.  BRE 2000 (Shorrock, 2000) estimates components 
of carbon emission changes for the period between 1990 and 2000.  As previously 
mentioned electricity supply industry (ESI) changes make a bigger contribution to 
emission reductions then technical changes.  Over the longer period examined in 
BRE 2003 (Shorrock, 2003), 1970 to 2001, electricity supply industry changes are 
less significant than technical factors overall but the results for separate decades 
show that during the 1990s ESI changes were more significant.  The 1990s saw big 
changes to the electricity supply industry due to the ‘dash for gas’ and reduction in 
coal powered generation.  In the 1970s ‘other carbon factor changes’ are the biggest 
Table 2.7: Outputs related to structural effects from studies of UK residential sector energy 
use and emissions.   
 Structural 
Variable
Dependent 
Variable Measure Effect size Effect ID NAME
Electricity supply 
changes
-14.08+/- 0.9% (-2.80,        
-4.25, -8.45, 1.42)
D
Other carbon 
factor changes
-12.10+/- 0.9% (-9.13,     
-1.73, -2.26, 1.02)
D(I)
Electricity supply 
changes
-8.45 +/- 1.4% D Overall change in domestic sector -5.32. Between 1990 - 2000  
Other carbon 
factor changes -1.02 +/- 1.0% D(I)
Overall change in domestic sector -
5.32. Between 1990 - 2000 
(Contributes to emisson savings in 
1990-1991, 1992-1993 & 1995-1996) 
Carbon 
emissions
Component of 
change in 
carbon 
emissions 
(MtC)
Overall change in domestic sector: -
11.92 (-6.76, -4.13, -4.26, 3.22). 
Between 1970 - 2001 (1970-1980, 
1980-1990, 1990-2000, 2000-2001)
BRE 
200316
BRE 
2000
17
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contributor to emissions decreases.  This is ascribed to households switching away 
from solid fuels and ‘town gas’ to natural gas to meet space heating and other 
energy service demands.   
This section starts to show the wide variety of technical and structural factors which 
influence energy demand, expenditure and dwelling carbon emissions, and in the 
BRE 2000 and BRE2003 studies also shows how the contribution of these factors 
can vary over time.  Broadly, the factors included in the output tables 2.6 and 2.7 can 
be influenced by policy schemes by increasing uptake of efficiency improvements, or 
they are influenced by national energy policy (ESI changes).  Some factors such as 
floor area are related to the general characteristics of the building stock and 
households and are influenced by a range of factors outside of the influence of policy.  
To examine the historical effects of policy requires a focus in analysis on those 
factors which can to some extent be controlled with an understanding that a range of 
other factors are contributing and interacting to overall outcomes.   
2.5.5 Increasing comfort and demand for energy services 
The previous section considered how technology related to either the UK building 
stock or the energy supply industry has changed and how this has influenced the 
level of energy consumption in the sector and related CO2 emissions.  As the 
technologies householders use in their homes have changed and become more 
efficient there have also been changes to how householders use appliances and the 
levels of comfort they expect.  This is recognised in the literature on residential 
sector energy use and is discussed in part 3 of this chapter in terms of the rebound 
effect where householders utilise savings from reducing energy consumption to 
increase service levels.  Amongst the studies examined in the meta-review, seven 
models reported quantified estimates of the effects of changing service levels on 
energy use in the UK residential sector.  
Table 2.8 below presents the outputs from these studies.  A range of study types 
consider energy service demand in their analysis.  Chitnis and Hunt (2012) estimate 
short-run and long-run elasticities for the impact of energy intensity (domestic energy 
consumption per household) on energy expenditure of 0.2 and 0.29.  In comparison 
to other factors examined energy expenditure is more significant than income but 
less significant than price, temperature and exogenous non-economic factors The 
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average % change in real expenditure per annum in logs is -0.10 for energy intensity 
and -0.04, 0.38, 1.11 and -018 respectively for other factors).  Overall energy 
consumption per household has reduced between 1989 and 2009, the time period 
examined in the study, and therefore energy intensity correlates with reduced 
expenditure in the analysis.   
Two studies estimate the real effect of changing energy service levels on household 
energy consumption and expenditure.  Kelly (2011) estimates real effects on annual 
household energy expenditure from heating the living room or bedroom during the 
week of £27.50 for either heating pattern.  Utley and Shorrock (2008) report a real 
effect of increasing service demand on energy consumption of 2.18GJ per year 
between 1970 and 2006.  Service demand increase is represented by the increase in 
the number of houses with central heating between over the time period.   
Table 2.8: Outputs related to ‘service level’ effects from studies of UK residential sector energy 
use and emissions.  
 
Two other reports by the Building Research Establishment (BRE) (Shorrock 2000 & 
2003) report the results of analyses of the influence of different factors on domestic 
Service 
Measure
Dependent 
Variable Measure Effect size Effect ID NAME
Energy 
intensityi
Energy 
expenditure
SR and LR 
elasticities 0.2, 0.29 (-0.10
ii) I 1
Chitnis & 
Hunt
i Domestic energy consumption per 
household. iiContribution to average 
% per annum change in housing 
real expenditure (in logs) 1989 to 
2009.
Household 
energy pattern
Energy 
expenditure
Standardised 
coefficient / Real 
effect
0.123 / £27.70 if living 
room or bedroom 
heated during the 
week
I 11 Kelly
Standardised coefficient and real 
effect on average annual household 
energy expenditure of heating 
pattern.
Level of service 
(central 
heating)
Energy use
Actual change in 
energy 
consumption
2.18 GJ per year due 
to increasing service 
levels
I 17 BRE 2008
Between 1970 - 2006 (extension of 
BRE2003).
Level of service 
(household 
energy 
consumption)
Carbon 
emissions
Component of 
change in carbon 
emissions (MtC)
36.97+/- 1.5% (13.24, 
11.86, 10.82, 1.06)
I 18 BRE 2003
Overall change in domestic sector: -
11.92 (-6.76, -4.13, -4.26, 3.22). 
Between 1970 - 2001 (1970-1980, 
1980-1990, 1990-2000, 2000-2001). 
Level of service 
(central 
heating)
Carbon 
emissions
Component of 
change in carbon 
emissions (MtC)
5.24 +/- 1.7% I 19 BRE 2000 Overall change in domestic sector -5.32. Between 1990 - 2000
Mean internal 
temperature
Carbon 
emissions
Normalised 
sensitivity 
coefficient
1.55 I 18 Cheng & 
Steemers
Equivalent to percentage increase 
in output variable when the input 
parameter is increased by 1%. 
Output variable is is average 
dwelling CO2 emissions (kgCO2). 
Heating 
demand 
temperature
1.55 I 19
Length of daily 
heating period
0.62 I 19
Carbon 
emissions Firth et al. 
Normalised 
sensitivity 
coefficient*
Equivalent to percentage increase 
in output variable when the input 
parameter is increased by 1%. 
Output variable is is average 
dwelling CO2 emissions (kgCO2). 
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sector carbon emissions.  Increasing service levels are represented by ownership of 
central heating in the BRE 2000 study and a term increasing by 2.12 GJ per year 
relative to 1970 (related to average household energy consumption) in the 2003 
study.  Both studies show the contribution of increasing service levels to overall 
domestic sector carbon emissions between 1990 and 2000 (BRE 2000), and 1970 
and 2001 (BRE 2003) in comparison with other factors discussed in previous 
sections: household growth, external temperature, building envelope heat loss, 
heating system efficiency, electricity supply change (ESI) and other carbon factor 
changes.  Level of service makes the biggest positive contribution to carbon 
emission of all factors examined.  Household growth is the only other variable which 
contributes to overall carbon emission increases.   
The final two studies included in Table 2.7 CDEM (Firth et al., 2010) and DECM 
(Cheng and Steemers, 2011) are building stock models which compare the relative 
effects of different variables on housing stock carbon emission through local 
sensitivity analysis.  Both studies report normalised sensitivity coefficients 
(equivalent to % increase in the output variable when the input parameter is 
increased by 1%) for temperature service level variables of 1.55.  In both studies this 
is the variable with the highest sensitivity.  DECM uses mean internal temperature 
whereas CDEM uses heating demand temperature.  CDEM also considered length 
of daily heating period as a measure of service level and estimates a normalised 
sensitivity coefficient of 0.62; the second highest sensitivity of the variables 
examined.   
The outputs related to service levels from the studies examined show the significant 
impact that service level demand has on energy demand, CO2 emissions and energy 
expenditure.  This can be seen at the household level in terms of the impact of 
internal temperature demands or heating patterns, or historically in terms of 
increasing whole sector service levels as households switch to central heating.  Four 
of the studies identify service levels as the most significant contributor to energy 
demand and related emissions of the different categories of variables examined.  
Chitnis and Hunt differs slightly in that though the relationship between energy 
intensity and energy expenditure is identified as positive a reduction in average 
household domestic consumption has contributed negatively to annual energy 
expenditure overall, over the time period.   
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2.5.6 Policy effects in the UK residential sector 
One of the aims of this thesis is to contribute towards quantitative modelling of policy 
impacts, an area where, as previously discussed, more analysis is needed.  In the 
comparison of research outputs from the different studies examined in the meta-
review, studies have been identified which examine policy effects in their analyses.  
Of these studies, most imply a policy impact by identifying changes in how the sector 
has responded to changes in influencing factors.  For example, Fouquet (1995) 
investigates the impact of the introduction of VAT on domestic fuel in 1994 on UK 
residential sector energy demand by estimating price and income elasticities.  The 
study concludes that VAT introduction only coincidently reduced CO2 emissions over 
the period as the switch to natural gas use and more efficient equipment were the 
more likely influences.   
Of the studies included in the meta-review sample, a set of studies by the Building 
Research Establishment can be considered to have provided the biggest contribution 
to quantitative assessment of policy impacts related to home efficiency 
improvements.  Three of these studies have been considered in previous sections 
comparing research outputs.  BRE 2000, BRE 2003 and BRE 2008 have assessed 
the contribution of improving heat loss and improving heating efficiency on carbon 
emissions and energy consumption.  Both these efficiency improvements are linked 
to grant schemes, policy and regulations and therefore, their significant contribution 
to emissions decreases can be seen as support for the success of these 
interventions, though savings are not specifically attributed to particular policies.   
Summerfield et al. (2010) consider the heat loss and heating efficiency improvement 
variables examined in BRE studies.  In an interesting contrast they find that there is 
no evidence to indicate that reductions in annual delivered energy in the domestic 
sector are beyond those expected due to changes in the external temperature and 
the energy price.  Efficiency improvements may have had an effect but they are 
small in comparison to the effect of temperature and price.  Chitnis and Hunt (2012), 
another top-down study, considers the effect of exogenous non-economic factors 
(ExNEF) on household energy expenditure in the UK in an attempt to quantify their 
impact in comparison with economic factors such as price and income.  Their results 
show that the impact of non-economic factors, which excludes temperature, on 
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energy expenditure is significant.  This suggest that, at least in terms of expenditure, 
external temperature and price do not explain the majority of variation, and that 
technical changes and efficiency improvements also play a role.  
A fourth study from BRE which builds on earlier work, BRE 2005 (Shorrock et al., 
2005) directly assesses the effect of grants, labelling, minimum standards and 
building regulations on energy and carbon savings.  As this is the only report which 
presents actual estimates of policy and regulatory contributions to energy and 
carbon savings this section does not contain a table of study outputs for comparison 
between studies.  Tables B4- B15 in Appendix B of the report summarise energy and 
carbon savings due to loft insulation grants, cavity wall insulation grants, condensing 
boiler grants, labelling and minimum standards of electrical appliances and gas 
boilers, building regulations, and energy efficiency policies between 1978 and 2001.  
The tables are comprehensive and therefore the reader is directed to the actual 
report ‘Reducing carbon emission from the UK housing stock’ if more detail is 
required. 
In summary, the results of the analysis by BRE (Shorrock et al., 2005) show that 
both grants and building regulations have played similarly significant roles in 
reducing energy and carbon emissions.  Of the three types of grant, loft insulation 
has contributed to the greatest savings.  Savings from labelling have been increasing 
since the mid-90s (up to 2001) but are relatively insignificant in comparison to other 
factors.  Overall savings from all policies considered amount to 14% of the, then, 
current housing stock energy use.    
The conclusions of Summerfield et al. (2010) highlight an interesting point about 
studies which calculate energy and carbon emission reductions due to technical 
changes to the building stock.  A model (ADEPT) which excludes these factors can 
explain a higher proportion of historical annual variation in delivered energy than one 
that includes them.  The ADEPT model with external temperature and price variables 
only, has an adjusted R squared value of 0.76.  In comparison the regression model 
of the BRE2008 equation it is based on, which includes heat loss and heating 
efficiency improvement variables but excludes price, has an adjusted R squared 
value of 0.48.  This suggests that price effects explain variation due to energy 
efficiency improvements and not just due to variation in energy costs.   
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Technical studies, as discussed in the descriptions in section 2.3 of this chapter, 
usually do not include the impact of factors such as price and income on how 
householders use energy and, therefore, technical studies are not assessing the role 
of these factors in how households respond to efficiency improvements.  That being 
said, as Summerfield et al. (2010) identify, energy price variables may to some 
extent be acting as a proxy for efficiency improvements because price increases 
may spur home-owners to install insulation or take other measures.  Understanding 
the interaction between these different factors has been identified as important in the 
UK Housing Energy Fact File and is necessary to ensure the effectiveness of policy 
measures.   
Chitnis and Hunt (2012) identify the need to understand the influence of non-
economic factors in top-down studies and estimate their influence on household 
energy expenditure.  Perhaps the main point highlighted by comparing the different 
studies in the meta-review sample is that new modelling methods are needed which 
can create a better understanding of the behaviour of the UK residential sector in 
terms of how it uses energy and carbon emissions.  Modelling approaches need to 
allow for an assessment of the interaction between economic and non-economic 
factors so that the implication for policies of, for example, price increases can be 
better understood.   
These issues are explored further in the third part of this chapter, which examines 
the different definitions of ‘energy efficiency’ for the UK residential sector as 
measures of either technical or economic change.  In addition, rebound effects, 
where energy savings are utilised to increase service levels in homes, will be 
discussed.  As will become clear, understanding the impact of how different factors 
influence how householders use energy is important in understanding and potentially 
reducing rebound effects in the UK residential sector.   
2.6 Influencing factors hierarchy and meta- review conclusions 
2.6.1 Identifying the relative influence of different factors 
One of the main issues highlighted in comparing different models of the UK 
residential sector using meta-analysis methods is that for different influencing factors 
the research outputs are reported in different ways.  This makes a comparison of 
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influencing factors across different categories of factor challenging.  Identifying a 
common measure of effect size which would allow a comparison of different 
research outputs is beyond the scope of this thesis where a meta-analysis is not the 
main aim of the work.  In this study, the purpose of using meta-analysis style 
approach has been to compare different study methods used to quantitatively model 
the residential sector, to identify the factors considered to influence UK housing 
energy use and related emissions and to assess the extent to which policy effects 
have been previously modelled.  These aims have been achieved, but a possible 
area for future work would be to try to identify a common measure of the influence of 
different factors on energy use and related emissions in the UK residential sector so 
as to make a statistical comparison and carryout a meta-analysis rather than a meta-
review.   
In this chapter, findings of studies which have compared the relative influence of 
different variables on energy demand, energy expenditure or carbon emissions have 
been reported.  Using these findings, it is possible to make some conclusions about 
which factors exert the biggest influence on how energy is used in the UK housing 
sector, and, hence, which factors should be considered in quantitative modelling of 
the sector.   
Considering each category of influencing factor in turn: 
Economic/price effects 
The price of energy, or individual fuels, is consistently considered to be an indicator 
of energy use related variables and most results show statistically significant price 
elasticities, therefore, price variables should be included in modelling.  Specifically 
the gas and electricity price should be considered: price elasticities for solid fuels 
and oil have been estimated in a minority of households only since early on in the 
period under examination and a minority of households now use these fuels.  Hence, 
sector energy demand is less responsive to these variables.  The relative influence 
of price in comparison with other factors is hard to ascertain.  In Chitnis and Hunt 
(2012) it is more significant than income, energy intensity and temperature but less 
significant than exogenous non-economic factors.   
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Income/socio-economic effects 
Household income is also consistently considered to be an indicator of energy 
demand and expenditure with increasing income corresponding with increasing 
demand.  Its relative impact in comparison to other factors is again difficult to judge 
from comparing studies but nevertheless income should be included in future 
modelling.   
Other than population growth and household size, socio-economic variables are 
largely only considered in bottom-up econometric studies.  The impact of increases 
in population and household numbers has undoubtedly had a significant impact on 
energy and emission increases: in BRE 2000 and BRE 2003 it is second to service 
level increases.  Population growth variables should be included in models of the 
sector.  In terms of other socio-economic factors, consideration should be given to 
including variables, where data is available, related to household tenure.  Tenure 
influences responses to price and income in bottom-up econometric studies and 
additionally is a factor mentioned in the UK Housing Energy Fact File as one that 
potentially influences household energy use.   
External temperature effect 
The impact of external temperature on how energy is used in homes is complex 
because it sets a basic requirement for a certain level of energy use in homes whilst 
also influencing service/comfort levels demanded by householders.  Its comparative 
influence varies between studies. External temperature is a significant indicator of 
annual delivered energy in the ADEPT model (Summerfield et al., 2010) and in 
building stock models DECM and CDEM (Cheng and Steemers, 2011, and Firth et 
al., 2010) but less significant in other studies where energy expenditure is the 
dependent variable.  External temperature data should be included in quantitative 
modelling.   
Technical effects 
From comparing technical outputs, variables which describe improving heating 
efficiency and heat loss in households are identified as significant in different studies 
and should be included in future modelling.  Both factors are significant in 
comparison with other factors in several studies.  Kelly (2011) also identifies 
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increased SAP rating as an indicator of energy expenditure savings.  SAP rating is 
influenced by the level of insulation in homes and the efficiency of the heating 
system but consideration can be given to examining the relationship with the 
average SAP rating of homes in the UK in modelling.   
Structural effects 
Changes to the electricity supply industry (ESI) and other carbon factor changes 
have made a significant contribution to carbon emission reductions according to the 
BRE 2000 and BRE 2003 studies.  In the 1990s ESI changes were more significant 
than improving heating efficiency and heat loss in households.  In the 1970s other 
carbon factor changes due to households switching to gas central heating were also 
significant.  Quantitative analysis should consider how to assess the effects of 
structural changes.   
Policy effects 
Grants for insulation measures and building regulations are identified as significant 
policy interventions in a 2005 report by BRE (Utley et al., 2005). Labelling and 
standards for appliances had a smaller impact up to 2001 but consideration should 
be given to examining the relationship since then.  These policy impacts are related 
to the technical variables already identified for inclusion in quantitative modelling.  
Modelling needs to identify data which can represent policy and regulatory changes. 
2.6.2 Meta-review conclusions 
Using a meta-analysis style approach to compare different models of UK residential 
sector energy use and emissions highlights an important point: modelling methods 
do not manage to measure the interactions between economic and socio-economic 
factors and technical efficiency improvements and their influence on energy use and 
emissions.  Section 2.3 of this chapter identified that influencing factors can broadly 
be considered to either influence the level of energy service demanded by 
householders for a set level of energy and emissions, or the level of energy and 
emissions required to achieve a set level of energy service.  Studies largely focus on 
one of these categories, determining either the behavioural responses of households 
to energy price or income increases, or the potential energy or carbon emission 
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savings from changes to either the building stock or sector energy supply.  Modelling 
methods are needed which can measure the influence of both categories of variable.   
In section 2.6.1 the influencing factors which should be considered in a quantitative 
modelling of the UK residential sector’s energy use and emissions have been 
identified.  The category of study outputs related to energy service increases were 
not considered in this section in terms of which factors to include in quantitative 
modelling of the sector.  In building stock models internal and heating demand 
temperatures were found to be significant factors in terms of dwelling CO2 emissions 
(DECM and CDEM).  In studies by BRE (2000, 2003 and 2008) service level 
increases makes the greatest contribution to emission and energy increases over the 
time period of the analyses.  The outputs related to energy service levels are 
variables included in models to represent service levels and behavioural change in 
the sector, rather than either factors which influence energy service levels or energy 
use and emissions.  These factors need to be considered in a different way.   
A potential route to better understanding the interaction between economic/socio-
economic factors and technical efficiency improvements is to improve understanding 
of behaviour and the changing demand for energy services in the UK residential 
sector.  Studies in the meta-review where energy expenditure is the dependent 
variable have to some extent examined the influence of different factors on 
behaviour but as highlighted there is still a need to measure the relative influence of 
different categories of influencing factors.  Therefore, the question arising from the 
meta-review of studies is how to measure the historical behaviour of the UK 
residential sector in terms of how it has used energy and as a result produced CO2 
emissions to achieve five energy services.  The energy service outputs from the 
meta-review propose some possible measures of energy service which can be 
considered.  The rest of this chapter will consider how the behaviour of the sector 
can be measured in terms of the energy efficiency of the sector, building on the 
findings of the meta-review.   
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Chapter 2 Part 3 
2.7 UK residential sector energy efficiency  
2.7.1 UK housing technical efficiency 
In the scenarios and pathways for future energy demand reduction arising from 
bottom-up building stock models of the UK residential sector, the condition of the UK 
housing stock, and the appliances and heating systems within, is integral to the 
modelled predictions.  The term ‘energy efficiency’ is widely used in studies such as 
the United Kingdom Housing Energy Fact File (Palmer and Cooper, 2014), 40% 
House (Boardman et al., 2005) and reports by the Building Research Establishment 
(e.g. Shorrock, 2003), and is a technical definition of efficiency.  Characteristics of 
the building stock such as level of insulation i.e. U-values of walls, windows, roofs 
and doors, and the air infiltration rate, as well as the boiler efficiency, define the 
efficiency of buildings in terms of the level of energy required to adequately heat 
homes and hot water.  If energy efficiency is considered on an end-use energy basis, 
then the efficiency of electrical appliances is another factor which contributes to the 
energy efficiency of the building stock.   
In the previous meta-review section of this chapter, a number of different models of 
the UK residential sector are described.  Of these, building stock models are the 
most prominent method for modelling the technical energy efficiency of the whole 
building stock to estimate total energy demand and related emissions.  The method 
of these models is to use a core energy demand calculation module originating from 
the BREDEM/BREHOMES model (Shorrock and Dunster, 1997) and survey data 
from a base-line year disaggregated to different degrees to describe the condition 
and efficiency of a varying number of house archetypes.   
At the household level, the Standard Assessment Procedure (SAP) is the 
government’s method for evaluating and comparing the energy efficiency of homes, 
based on annual energy costs for space and water heating, ventilation and lighting, 
under standardised conditions; SAP has also evolved from the BREDEM calculation 
module.   The average SAP rating of UK homes has risen over the last 40 years; a 
higher SAP rating denotes a more efficient home (Palmer and Cooper, 2014, p40).  
The improved average efficiency rating is largely ascribed to new homes being built 
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to improved standards set out in the UK building regulations and older homes being 
upgraded.  For some home improvements such as boiler replacements there are 
minimum requirements for the efficiency of new devices also set out in the UK 
building regulations.  There is criticism of SAP in the literature highlighting the 
limitations of a ratings system based on a theoretical situation that assumes homes 
are warm, with adequate hot water and lighting (Boardman, 2010) a full discussion of 
which is beyond the scope of this study.   
In terms of longitudinal analysis of housing energy efficiency, studies from BRE, 
described in the meta-review, decompose energy savings and efficiency 
improvements into contributions from individual factors such as changes in heating 
system efficiency and building envelope heat loss.  For researchers and policy 
makers, analysis of the changing technical energy efficiency of the UK housing stock 
over time is of limited use without also considering the relationship with changing 
demand for energy services.  The effect of demand increasing disproportionately to 
technical efficiency improvements can result in rebound effects (Sorrell, 2007), 
discussed in the following section, and impacts on the sector's ability to meet long 
term energy demand and emission through effective policy measures.   
A criticism of traditional thermodynamic energy efficiency measures is that they do 
not adequately encapsulate the end use service required by consumers (Patterson, 
1996).  This is partially addressed in BRE studies where energy efficiency 
improvements are also ascribed to changes in level of service represented by central 
heating ownership and later by a term linearly related to year.  The effects of income 
and price on energy use are interlinked with energy reductions due to improvements 
to the technical energy efficiency and increases due to a higher level of energy 
service demand (Cambridge Econometrics, 2010).  To make energy efficiency 
measures more useful to policy-makers, they need to be able to attribute changes in 
efficiency to different, interlinked factors.  This will enable better assessment of the 
potential rebound effects which impact on the effectiveness of policy, schemes and 
regulation designed to bring about energy demand and emission reductions.    
2.7.2 Energy efficiency and the rebound effect 
In contrast with technical efficiency measures and building stock models, 
governments considering how to meet carbon emission reduction targets use energy 
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efficiency definitions with economic output measures to model efficiency 
improvements in the sector.  In the meta-review, a number of studies measured 
energy efficiency along these lines, for example, Agnolucci et al. (2009) and Haas 
and Schipper (1998).  In these examples economic outputs such as energy 
consumption expenditures are used as proxies for the energy service level 
demanded by householders.  As energy demand or carbon emissions are the inputs 
in these efficiency measures, they are classified as economic-thermodynamic 
efficiency indicators (Patterson, 1996). 
This type of measure is useful for analysis of activity at an aggregate, sectoral or 
national level but criticism highlights that economic output measures do not 
recognise the technical efficiency of end-use processes.  Additionally, aggregate 
measures of output do not reflect demand for different energy end-uses.  There are 
other issues, but in particular use of aggregate energy demand data for the input 
measure does not give any information about the quality of the fuel mix.  In terms of 
carbon emission reduction prediction and analysis, the relative carbon intensity of 
the energy supply fuel mix is an important factor which is ignored in many economic-
thermodynamic efficiency indicators.  
Another use of economic energy efficiency measures is recognition and estimation of 
the rebound effect.  Energy savings estimated by thermodynamic/engineering 
models are often not realised in actuality due to both direct and indirect rebound 
effects.  Direct rebound effects can be classified as either substitution or income 
effects.  In substitution effects, efficiency improvements reduce the cost of an energy 
service leading to increased consumption of that cheaper service as a substitute for 
consumption of another service.  Income effects refer to the increase in income 
resulting from efficiency savings, which allows consumers to increase the level of 
service they demand.  Indirect rebound effects also apply when savings in one part 
of the economy are spent in another economic sector.  For instance, savings on 
heating costs resulting from a more efficient boiler are spent on holiday flights 
(Sorrell, 2009).   
Rebound effects are a focus of energy economics and can be estimated at the 
economy-wide level with the aim of predicting or explaining the gap between 
engineering estimates of energy savings and actual savings.  The size and 
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importance of the rebound effect across the economy is difficult to quantify (Sorrell, 
2007).  What is being estimated is the behavioural response to efficiency 
improvements.  The main concern with rebounds effects is that in extreme cases 
energy efficiency improvements in households can lead to an overall increase in 
energy consumption, in a situation known as back-fire (Sorrell, 2009 and Druckman 
et al., 2011).  Studies suggest that for the residential sector ‘back-fire’ is not a 
concern and for residential heating the direct rebound effect ‘is likely to be less than 
30%’ (Sorrell, 2007, p 8).  Even so, the presence of a rebound effect which technical 
measures of energy efficiency do not implicitly estimate presents issues for policy 
makers and for the UK’s ability to meet energy demand and emission reduction 
targets.  Turner (2013) identified the key issues for policy-makers and analysts to 
understand when measuring rebound effects from increased energy efficiency.   
2.7.3 Implications for policy of the rebound effect 
Estimations of the size of rebound effects vary, but in the UK, unlike many other 
countries, there is recognition that rebound effects will impact on the actual energy 
savings from energy efficiency improvements.   In UK policy, it is expected that some 
of the energy savings resulting from improved thermal insulation will be used by 
householders through higher internal temperatures in their homes.  This is 
particularly an issue in energy-inefficient properties, in poor condition, where 
householders may tolerate low temperatures because the cost of adequate warmth 
is too high (Boardman, 2010).  If the energy efficiency improvements are made, the 
cost for a warm house drops and the householders spend more on heating because 
they are getting better value for money.    
In higher income and more energy efficient homes, the focus of home improvements 
is less likely to be on saving energy and more on upgrading to newer, better 
technologies and systems.  As discussed in the Housing Energy Fact File, tenure 
also influences the reasons for energy efficiency improvements, with homeowners 
more likely to invest in home improvements rather than efficiency improvements 
(Palmer and Cooper, 2014).  If savings are made in homes which are already 
comfortable, because the level of comfort householders demand is not limitless, then 
they are potentially spent in other areas of the economy in examples of the indirect 
rebound effect.   
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What these examples suggest is that policy and regulation linked to household 
energy use and emissions needs to consider the behaviour of householders in 
response to energy efficiency improvements (Cambridge Econometrics., 2010).  The 
behaviour of householders is in part determined by their disposable income, tenure 
and the condition of their home.  Different factors influence the ability or desire of 
households either to reduce energy use in response to energy price increases or in 
response to concerns about the environment and reducing carbon emissions.  To 
more accurately estimate the gap between predicted and actual savings and to 
address the gap in policy design, estimates of energy efficiency are required that 
reflect the behaviour of householders.   
2.8 Outcomes 
2.8.1 The role of different factors in influencing energy demand and emissions 
This chapter began with a discussion of the main drivers of energy use and related 
greenhouse gas emissions, described by identities such as Kaya (Equation 2.1) and 
IPAT (equation 2.2), before narrowing the scope of the examination to focus on 
influencing factors specific to the residential sector.  Figures 2.1 and 2.2 showed how 
energy consumption and related emissions from UK housing have varied over time 
with an overall increase in energy consumption but a decrease in carbon emissions 
between 1970 and 2012.  There are five broad types of energy end-uses in the 
sector and changing trends in demand for all of them have influenced total energy 
consumption.  These energy end-uses, referred to as energy services in this thesis, 
are: space heating, hot water, cooking, lighting and electrical appliances. 
The factors which influence demand for the five energy services in the UK housing 
sector, and resulting energy consumption and related emission levels, can be 
categorised in to different groups: economic, socio-economic, temperature, technical 
and structural factors.  These categories respectively include factors such as the 
price of energy, household income and other household demographic factors, the 
external temperature during the heating season, insulation levels and heating 
efficiency, and the carbon intensity of the electricity supply industry.  In addition to 
these categories, ‘policy’ can be consider as another factor which must be 
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considered in terms of its relationship with all other factors if it is to be effective in 
bringing about energy consumption and emission reductions.   
Examination of the different influences of energy demand and emissions in the UK 
residential sector has highlighted that factors either influence energy use and 
emissions for a set level of energy service, or influence the level of energy service 
demanded by householders.  Since 1970, changes to the condition of the building 
stock, and the appliances and systems within, as well as changes to the energy 
supply industry (technical and structural factors) have influenced the levels of energy 
use and related emissions required.  Economic and socio-economic factors such as 
the energy price, income, and demographic factors related to population and tenure 
type, have influenced the level of service demanded by householders.  Temperature 
effects are integral to determining both a set level of energy consumption and the 
level of energy service/comfort that householders need or wish to achieve.  
As was shown different studies of the UK residential sector model the influence of 
different factors on energy use and emissions.  The differences between the types of 
factors they examine can broadly be considered to fall into the two categories of 
influencing factor outlined above.  Top-down econometric studies model the effects 
of economic and socio-economic variables which influence the level of energy 
services demanded by householders.  Bottom-up building stock models examine the 
influence of technical and structural factors which influence the level of energy use 
and emissions required to achieve a particular level of energy services.  There are to 
some extent crossovers between these two categories and the meta-review has 
identified the different factors considered in different study types and the interactions 
between them.   
In addition to comparing study outputs and identifying the key factors, with potentially 
the biggest influence, estimated in previous studies of the sector, the meta-review 
examined the extent to which policy effects have been quantified.  The main 
conclusion of the methodical analysis of studies was that there is a gap in 
understanding of the historical relationship between behavioural influences such as 
price and income and technical efficiency improvements.  Largely, both top-down 
econometric and bottom-up technical methods fail to measure the behaviour of 
householders and the residential sector in responding to technical change.  This gap 
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in understanding makes it challenging to assess the historical impact of policies and 
interventions.   
In the studies examined, some investigate household energy expenditures with the 
aim of identifying behavioural responses but the conclusion of this thesis is that new 
methods are needed to improve understanding of the interactions between 
influencing factors.  New techniques are needed which can assess the historical 
influence on UK residential sector energy use and emissions of both types of 
variable outlined in this thesis: technical and structural variables which influence the 
levels of energy consumption and related emissions for a set level of energy 
services/comfort; economic and socio-economic variables which influence the level 
of energy service/comfort demand for a set level of energy use and related 
emissions.  Chapter 4 will explore this issue in more detail, describing the 
requirements for a new method and identifying a suitable approach.   
2.8.2 Measuring energy efficiency: the research gap 
The question arising from the meta-review of studies is how to measure the historical 
behaviour of the UK residential sector in terms of how it has used energy and as a 
result produced CO2 emissions to achieve five energy services.  Section 2.7’s 
discussion of ‘energy efficiency’ definitions identifies that there are different ways to 
measure changing efficiency in the sector.  Technical, thermodynamic definitions of 
efficiency focus on changes to the building stock, the technologies used within 
homes and the energy supply industry and the resulting change in energy 
consumption and CO2 emissions.  A criticism of this method is that it does not 
adequately identify changes in how energy is used in homes.  In comparison, 
economic-thermodynamic energy efficiency definitions measure changes in 
economic output measures in relation to changes in energy consumption and 
emissions.  Criticism of this method highlights that it does not recognise the technical 
efficiency of end-use processes.   
Improving understanding of how UK residential sector behaviour has changed in 
response to technical efficiency changes is essential to better understanding the 
historical impact of policy and regulation.  A part of understanding behaviour and 
efficiency is recognising the presence of rebound effects in the UK housing sector 
and be able to some extent to predict the potential size of rebound effects, where 
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savings are used to increase service/comfort levels, arising from future policies and 
initiatives.  Energy efficiency measures are needed which can measure the technical 
efficiency changes in the sector while being able to assess changes in how energy is 
used at the same time. 
In the introductory chapter a research problem was identified which asked how we 
can quantitatively assess the relationship between different drivers, technical 
efficiency improvements, and energy use and related emissions in the UK residential 
sector?  In addition, the research problem asks how we can assess the changes that 
have occurred as a result of policy and interventions designed to reduce energy use 
and related emissions in the sector and the relationship with other factors such as 
price and income?  This chapter has identified a research gap in terms of the need to 
examine the interaction between technical and structural factors which influence 
energy consumption and emissions levels and economic, socio-economic and 
temperature factors which influence service/comfort levels.  To address the research 
gap: 
New approaches are needed to measure and understand historical ‘energy efficiency’ 
changes & behaviour in the UK residential sector, in terms of both energy use and 
related emissions, relative to different types of influencing factors and policy 
interventions. 
The rest of this thesis will focus on this research gap.  It will consider how to address 
the need for improved behavioural measures in the UK residential sector and will 
identify a suitable approach to quantitatively model energy use and emissions in the 
sector.   
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Chapter 3: Policy Review 
Chapter Highlights 
Changing energy and climate change policy landscape; structural change in the 
energy supply and housing sectors; energy cost and social challenges; building 
regulations, efficiency policy and the role of the EU; policy timeline. 
3.1 Introduction 
A methodical review of the literature in chapter 2 identified different categories of 
factors which influence energy use and emissions in the UK residential sector: 
economic, socio-economic, technical, structural and temperature.  These categories 
of factors can be considered to either influence the level of service householders 
achieve for a set level of energy use and related emissions (economic and socio-
economic), or to influence the level of energy use and emissions required for a set 
level of energy service (technical and structural).  In addition to these categories, 
over the last 40 years policy decisions related to the structure of the energy supply 
sector, the cost of energy and the energy efficiency of the UK’s housing stock have 
also contributed to changing energy and carbon emission trends.  The type and 
scale of the influence of policy has varied, and this thesis seeks to better understand 
the variation and the potential implications for policy design.   
In order to investigate the influence of policy, a necessary step is to consider how the 
UK energy and climate change policy landscape has changed since 1970.  The first 
part of this chapter will describe the main changes in the focus of energy policy in the 
UK and how it has evolved in response to international and national events.  The 
chapter will also consider how reform of the governance and structure of the energy 
supply sector has affected the carbon intensity of the energy supply and the cost of 
energy to householders.  Chapter 2 identified numerous studies which have 
investigated the technical energy efficiency of the UK building stock and identified 
pathways to a low-carbon sector.  In the second half of Chapter 3 the role and aims 
of building regulations, grant schemes and numerous policy initiatives, introduced 
with the aim of improving energy efficiency, will be examined to better understand 
the potential contribution to energy and emission reductions. 
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An outcome of the policy review in this chapter is a timeline of policy and events, 
presented in section 3.5.  The timeline describes the history of energy and climate 
change policy related to the UK residential sector between 1970 and 2014 and is 
intended as a reference tool throughout the remainder of this thesis’ examination of 
the sector’s energy use and related emissions.  The chapter will conclude by 
considering the current focus and aims of energy and climate change policy in 
contrast with the policy landscape over the 40 year period examined in the study.  
3.2 Overview of UK energy and climate change policy priorities, 1970 to 
2014 
3.2.1 Liberalising the UK energy markets 
Over the last 40 years the role and scale of policy and regulation related to UK 
energy consumption and associated greenhouse gas emissions has fluctuated as 
the priorities and ideologies of the incumbent government have changed.  As shall 
be discussed, these changing aims have occurred in response to various national 
and international events such as oil price shocks, the rise and fall of North Sea oil 
and gas production and growing understanding of a link between carbon emissions 
and climate change.  Energy, climate change and housing policy over the last 40 
years has been designed to address the following and often competing aims of 
government: to secure the UK’s energy supply, tackle environmental challenges, 
promote their own ideologies, and ensure consumers can ‘keep the lights on’.  
Currently the Department of Energy & Climate Change (DECC) ‘works to make sure 
the UK has secure, clean, affordable energy supplies  and promote international 
action to mitigate climate change’ (DECC, 2015b). 
In the 1970s, the status of energy policy in the UK rose in response to the 
international impacts of the oil price shocks in 1973 and 1979.  Subsequent rises in 
the price of oil made energy security and planning the UK’s energy infrastructure a 
higher priority for government.  The Department of Energy, formed in1974 after the 
first oil shock, sought solutions to security concerns surrounding the UK’s energy 
supply and made moves to introduce a national nuclear power programme in 1979 
(Pearson and Watson, 2011).   
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Towards the end of the decade, the ‘winter of discontent’ in 1978 and 1979 saw a 
period of widespread stoppages by workers and union unrest, initially resulting from 
the Labour government’s attempts to impose pay limits.  This era of instability was a 
contributing factor in the election of a new Conservative government in 1979, with 
Margaret Thatcher as Prime Minister.  The election win, the first of four for the 
Conservative party, would herald a period of structural change to the country’s 
energy related industries which would impact on UK householders’ energy use and 
emissions.   
In the second half of the 1980s the Conservative government started a program of 
reforms to energy related industries, passing acts to privatise British Gas in 1986, 
British Coal’s assets in 1987 and steel in 1988, and setting the legal framework for 
privatisation of electricity in 1989 (Gordon, 2009).  These reforms were part of the 
Conservative government’s growing ideological focus on free and competitive energy 
markets, and the growing opinion, voiced by Nigel Lawson (Secretary of State for 
Energy), that ‘the government’s role was not to plan energy’ (Pearson and Watson, 
2011, p. 7).  By the beginning of the 1990s the status of energy policy was in decline 
as the UK staked its energy independence on North Sea oil and gas instead of 
nuclear power and coal, and moved away from its industry base towards a service 
economy (Strachan, 2011). 
In the early 1990s the liberalisation of the electricity market continued with the sale of 
the Regional Electricity Companies (RECs) in 1990 and the flotation of four power 
companies, National Power, PowerGen, Scottish Power and Scottish Hydro Electric 
in 1991 (Helm, 2004).  At the same time, British Coal was unable to compete due to 
availability of cheaper imports and the falling price of natural gas and solid fuels were 
increasingly replaced in electricity generation with Combined Cycle Gas Turbines 
(CCGTs) in the so-called ‘dash for gas’.  By the mid-1990s only a few economical 
coal mines remained and the commercial attractiveness of nuclear power was also 
under question in a 1995 government report of the Prospects for Nuclear Power in 
the UK (DTI, 1995).  With vastly reduced support from the state, the high cost of both 
coal and nuclear in comparison with CCGTs was highlighted (Pearson and Watson, 
2011).  In 1992 the Department of Energy was disbanded and energy policy became 
the responsibility of the Department of Trade and Industry and the Department of the 
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Environment (Strachan, 2011).  The stage for a free energy market had been set and 
energy policy was no longer a specific focus of government planning. 
3.2.2 Climate change and greenhouse gas emission reduction 
In addition to coal’s relatively high costs and competitive disadvantages, the greater 
negative environmental impact in comparison with gas in terms of pollution levels 
was another factor in its decreasing share in the fuel mix.  The 1990s saw a growing 
understanding of the potential consequences of burning fossil fuels and in particular 
an emerging appreciation of the need to reduce greenhouse gas emissions to 
mitigate possible future impacts of climate change (White Paper: This Common 
Inheritance, 1990).  In 1995 the Intergovernmental Panel on Climate Change (IPCC) 
Second Assessment Report stated that ‘the balance of evidence suggests that there 
is a discernible human influence on global climate’ (IPCC, 1995).  In 1997, the Kyoto 
Protocol, linked to the United Nations Framework Convention on Climate Change 
(UNFCCC, 2015), was adopted.  The protocol entered into force on 16 February 
2005 with detailed rules for its implementation previously agreed in the ‘Marrakesh 
Accords’ in 2001 (UNFCCC, 2001).  The first 4-year commitment period for member 
states including the European Community to reduce GHG emissions against a 1990 
baseline started in 2008. 
In the same year that the Kyoto Protocol was adopted in Japan, the newly elected 
Labour government set out its energy policy principles for the UK, describing a 
commitment to the continued liberalisation of the energy markets but with a promise 
that costs would not hit those least able to pay.  The new government also 
highlighted its responsibility to tackle environmental objectives (Pearson and Watson, 
2011, p18).  Through the 2000s UK energy policy had a different focus from previous 
eras and its status was raised once more as the government identified ways to 
regulate the privatised energy supply sector to meet environmental targets.  Energy 
Efficiency Commitments (EECs) set out new requirements for gas and electricity 
suppliers to meet energy efficiency saving targets between 2002 and 2005 (EEC1), 
and between 2005 and 2008 (EEC2).  The 2003 Energy White Paper set out a plan 
for ‘Our energy future: creating a low-carbon economy’, which included targets of a 
60% reduction in UK CO2 emissions (DTI, 2003), though also explicitly ruled out 
further investment in nuclear power.  
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Further to the rules agreed in the Marrakech Accords, in 2008 the UK Climate 
Change Act set legally binding targets of an 80% reduction in GHG emissions, 
against a 1990 baseline, by 2050.  The Act set out the framework for developing 
economically robust pathways to emission reductions (DECC, 2008).  Additionally, 
the Committee on Climate Change (CCC) was established as an independent, 
statutory body to advise the government on progress made against emission 
reduction targets and preparations for the impacts of climate change (CCC, 2015).  
Further evidence of the government’s commitment to tackling environmental 
objectives was evidenced by the formation of the Department of Energy and Climate 
Change (DECC), also in 2008, created to implement energy and climate change 
policy.   
In 2010 the new Conservative-Liberal Democrat coalition government was formed, 
with new Prime Minister David Cameron stating that he wanted it to be the 'greenest 
government ever' (Cabinet Office, 2010).  Whether this pledge has been delivered on 
is widely disputed (e.g. The Greenest Government Ever: a report for Friends of the 
Earth, Porritt, 2011).  The economic downturn has raised questions in government 
about the affordability of measures to combat the potential impacts of climate change 
(The Guardian, 2013a).   
3.2.3 Energy security 
Over the last 40 years the issue of security of the UK’s energy supply has had a 
variable influence on UK energy policy in response to various events discussed 
previously such as the oil price shocks of 1973 and 1979, and the winter of 
discontent of 1978-1979.  High international fuel prices were a contributing factor in 
energy security concerns up to the mid-eighties when high oil prices dropped 
dramatically and remained fairly stable for the next decade, apart from a period 
around the gulf war in 1991 (Houses of Parliament: Parliamentary office of Science 
and Technology, 2012).  Over this time period the government’s ideological focus on 
creating competition through formation and liberalisation of energy markets was the 
overriding factor behind energy policy planning.  While prices were low energy 
security was less of a pressing issue and additionally, the UK’s membership of the 
EU and NATO brings with it the requirement to participate in a strategic oil and gas 
reserve.  
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By the1990s, the prominence of energy security as a policy issue had declined as 
the UK used the outputs of North Sea Oil and Gas to support its energy 
independence (Strachan, 2011).  This changed in the late 1990s when after ‘peak 
gas’ in 1999, the UK’s oil and gas production was in decline and energy security was 
once again near the top of the energy policy agenda.  By the end of the 2000s the 
twin policy challenges of the environment and energy security were seen by the 
Labour government as having a common solution, which could be addressed 
through transition to a low-carbon economy. In 2011, a report from government 
outlined ‘The Carbon Plan: Delivering our low carbon future’.  The report described 
how the UK could achieve decarbonisation, and move to a low carbon economy 
while maintaining energy security by being less reliant on fossil fuels imports in the 
future (DECC, 2011).  Over the last few years energy security has remained 
prominent on the energy policy agenda and secure supply is one of the key things 
DECC is working to achieve (‘What we do’, DECC, 2015b). 
National and international events and the varying priorities of different governments 
have influenced the UK energy and, in more recent years, climate change policy 
landscape.  In terms of housing and the UK residential sector, changes to the 
structure of the energy supply industry have had knock-on effects on the carbon 
intensity and cost of energy demanded by householders.  Environmental challenges 
have influenced the prominence of policies related to greenhouse gas emission 
reduction and energy efficiency, but improving efficiency and reducing demand are 
issues also pertinent to energy security concerns.  Additionally, in the new 
millennium, social dimensions related to affordability of energy for the public were 
identified as a new area of concern for policy design and government.   
3.3 Structural change: energy supply and the price of energy 
3.3.1 Energy supply and the UK residential sector 
Structural changes in the UK’s energy supply industry described in the previous 
section have impacted on UK residential sector energy demand and related 
emissions in different ways.  One important change has been to the fuel mix used to 
generate electricity.  Electricity use still accounts for just over half of residential 
sector CO2 emissions but total housing emissions have broadly declined since 1970 
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despite increases in population and the number of households.  As discussed in 
Chapter 2 this reduction is largely due to the move away from coal powered 
generation towards CCGT in the ‘dash for gas’ in the 1990s which significantly 
reduced the carbon intensity of the electricity supplied to UK homes.  Increased use 
of nuclear power has also reduced the carbon emissions associated with household 
electricity generation and increasing the percentage of renewables on the grid over 
the last 20 years has made a modest contribution to carbon emission decreases 
(Palmer and Cooper, 2014). 
The extent to which carbon emissions from UK housing will continue to decline in the 
future is uncertain.  The downward trend has been negatively influenced by colder 
winters in certain years when demand has risen.  Recently coal use for electricity 
generation has increased as the international price of coal has decreased, increasing 
the carbon intensity of energy supply.  Though use of nuclear power has doubled 
since 1970, UK nuclear generation peaked in 1998 and future use is dependent on 
investment to build new nuclear power stations.  The UK government is currently 
exploring the feasibility of replicating the ‘dash for gas’ seen in the US, where use of 
shale gas for electricity generation has substantially increased in recent years (the 
main factor behind the aforementioned lower world price of coal).  The effects on UK 
residential sector emissions that might result from a ‘shale gas revolution’ (The 
Independent, 2012) are unknown at present.  Additionally, the potential of a ‘locked-
in’ dependence on shale gas and the implications for renewable and nuclear 
generation investment in the future is also uncertain (Broderick et al., 2011). 
Changes to the energy supply structure over the last 40 years, and the subsequent 
impact on the carbon intensity of UK housing emissions from electricity generation, 
demonstrates the environmental impacts, intended or otherwise, of ideological and 
political decision making.  Whether structural changes to the energy supply industry 
have had any effect on behaviour and the demand for energy services in the UK 
residential sector is more complex.  Changes to the fuel mix in UK homes has been 
partly determined by international energy prices and in turn, fluctuating fuel prices 
have impacted on the cost of energy to householders.   
In the UK, householders have had limited influence over the fuel mix for electricity.  
In recent years uptake of renewable source and low carbon electricity generating 
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technologies on households such as solar PV and wind turbines has been 
encouraged by feed-in-tariff schemes first introduced in 2010 (EST, 2015a).  Under 
these schemes householders are paid for the electricity they generate with additional 
unit payments for excess electricity exported to the grid, and savings on bills due to 
using less grid electricity.  The UK Housing Energy Fact File (Palmer and Cooper, 
2014) estimates installed capacity at 2011 MW up to the end of the 3rd quarter in 
2013 which is a small contribution in comparison with total renewable generation 
capacity (41.3TWhs in 2012).  Feed-in-tariffs (F-I-Ts) ensure that grid electricity 
bought from household solar panels is relatively expensive per unit in comparison 
with other fuel sources.  The initial F-I-T set unit (kWh) prices at approximately 
double the unit price paid by the typical consumer on a standard tariff.  Subsequently 
the F-I-T level has decreased.   
Between 1970 and the present, changing demand for different fuels has also been 
driven by changes to heating and hot water energy services, with the majority of 
homes now with gas central heating (93% in 2010, (Palmer and Cooper, 2014).  Use 
of solid fuels for heating has dropped substantially and as solid fuels are more 
carbon intensive, carbon emissions from housing have also declined.  The switch to 
central heating away from coal fires has had a significant influence on household 
behaviour in terms of the level of comfort householders expect and demand 
(discussed in Chapter 2 of this thesis).  Where energy services require expenditure 
on electricity, gas or other fuels, the effect of changes to the energy supply industry 
on energy demand behaviour can be seen in how the UK housing sector adapts to 
the related energy price changes.   
3.3.2 The cost of energy 
Over the last 40 years the amount of money spent by UK households on energy has 
been directly affected by the changing price of different fuels over the same period 
(Palmer and Cooper, 2014), though other factors have also been at play.  The cost 
of electricity to power appliances and lighting, and the cost of gas and other fuels 
used to meet space heating and hot water demand have fluctuated in response to 
international energy costs, national events and policy decisions.   
In recent years a substantial increasing part of the cost of energy for householders is 
attributable to the increased cost of electricity, which has risen especially sharply 
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since 2003 after a long period of decreasing prices.  Electricity is three to four times 
more expensive than gas per kWh, so price rises have a large impact on household 
energy bills.  A Committee on Climate Change report assigns the majority of the 
increase in average energy bills between 2004 and 2010 to increases in the 
wholesale price of gas (CCC, 2011).  The UK Housing Energy Fact File attributes 
electricity price rises to the correlated increase in the worldwide price of oil but 
recognises that rising gas prices have also affected household electricity bills 
especially as the percentage of gas powered electricity generation has risen (Palmer 
and Cooper, 2014, p14 and p30).  Though electricity is a more expensive form of 
energy, the majority of homes have gas central heating and use substantially more 
energy for heating than electricity.  Therefore, the cost of gas is significant to 
household energy bills, particularly in comparison to other fuels such as coal that are 
now only used in a minority of homes.  The average dual-fuel energy bill increased 
from £605 to £1060 over the period 2004-2010 and £290 of this rise was due to the 
wholesale gas price according to Committee on Climate Change (CCC, 2011, p4).   
What is clear is that between 1970 and the present, international fuel costs have 
been a main influence on the price of energy in the now liberalised energy markets, 
though it is likely that increasing costs of transmission and distribution have also 
been a factor (CCC, 2011).  At the national policy and legislation level, a direct 
impact on the cost of energy to householders was implemented in 1994, when VAT 
was levied on domestic fuel and power for the first time, at a rate of 8%.  The 
incumbent Conservative government intended to increase the rate to 17.5% in the 
following year, but defeat on a Budget Resolution vote ensured the price stayed at 
8%.  In 1997 the newly elected Labour government kept their pre-election promise to 
reduce the rate to 5% (Seely and Twigger, 1997).   
In recent years, policies to reduce carbon emissions have added to the costs of 
household energy.  The CCC report attributes £75 of average annual bill increases 
to these policies between 2004 and 2010 (CCC, 2011, p4) and therefore less than 
20% of average household energy bill increases are due to low carbon measures.  
Nevertheless, in recent years, energy supply companies have specifically blamed 
these policy measures for rising household energy bills (The Guardian, 2013b).  The 
current government is possibly in agreement (“David Cameron at centre of ‘get rid of 
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all the green crap’ storm”, The Guardian, 2013a) and is considering steps to reduce 
household bills (Helping households to cut their energy bills, DECC, 2012b).  
In terms of the cost of energy to householders, increased household bills cannot 
solely be attributed to increased energy prices.  The level of service demanded by 
householders has increased over the time period due to increased use of appliances 
and broad changes to the way people heat their homes.  Perhaps one of the most 
interesting points to consider about household energy bills is that despite price 
increases, and increased demand in homes, the average weekly spend on heating, 
lighting and power was 9% lower in 2011 than in 1970 (normalised to 2011 prices).  
Additionally, energy costs have fallen as a proportion of total household energy 
spending over the same time period (Palmer and Cooper, 2014, p26).  Though, due 
to the decrease in average household size in terms of number of occupants over the 
time period, per person, energy costs have increased.   
3.3.3 Energy supply and social challenges 
Up until the election of a new government in 1997 the issue of fuel poverty had 
remained unrecognised in government energy policy planning (Boardman, 2010).  
The Labour government made a commitment to address the social dimensions of 
energy alongside continued efforts to liberalise the UK energy supply industry and as 
a result, fuel poverty was officially recognised as an issue.  Whether a household 
member was living in fuel poverty was originally defined in the Warm Homes and 
Energy Conservation Act (2000) as ‘living on a lower income in a home which cannot 
be kept warm at reasonable cost’.  If more than 10% of household income was spent 
on fuel to maintain comfortable conditions of 21°C in the living room and 18°C in 
other rooms the household was defined as fuel poor.  In 2012, following the Hills 
Fuel Poverty Review (Hills, 2012) the definition of fuel poverty was redefined.  Now 
for households to be classed as living in fuel poverty they should have higher than 
average required fuel costs, spending on which would push their residual income 
below the official poverty line (Palmer and Cooper, 2014).  This new definition is 
known as the ‘Low Income High Costs’ indicator (LIHC).   
The growing recognition that many households are unable to afford to adequately 
heat their home has led to a number of policy interventions to address the issue.  
Winter fuel payments of £20 were initially introduced in the winter of 1997/1998, 
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increased to £100 in 1999/2000 and then to £200 in 2000/2001(House of Commons 
Library, 2013)3.  The winter fuel allowance has been subject to much criticism 
because it does not offer any long term solutions to energy affordability and because 
it is given to everyone over the age of 60 regardless of whether they are fuel poor or 
not.  Further criticism highlights that the payment is not given to non-pensioner fuel 
poor households (Boardman, 2010).  Cold weather payments on the other hand 
have been linked to the Social Fund since 1988 and have been available since the 
1970s, falling outside of energy policy planning.  The payments can be applied for 
retroactively by eligible households in receipt of qualifying benefits such as income 
support when the weather in a particular geographical area has been below freezing 
for seven consecutive days or more.  The payment was increased from £8.50 per 
week to £25 per week in 2008.  The payment is now automatically paid to qualifying 
households.   
In terms of other schemes to help lower-income households, numerous initiatives 
focussing on energy efficiency improvements to homes have been introduced with 
either the direct aim or outcome of helping fuel poor households.  The Warm Front 
scheme first introduced in 2000, ending in 2013 and funded by DECC, was targeted 
at fuel poverty vulnerable groups, with eligibility criteria frequently revised and 
complex (House of Commons Library, 2013 and Boardman, 2010).  Energy 
Efficiency Commitments 1 and 2 (running 2002-2005 and 2005-2008 respectively) 
and the Carbon Emission Reduction Target (2008-2012) required energy supply 
companies to act to improve household energy efficiency and reduce emissions in 
their customers’ homes.  The effectiveness of these schemes in terms of improving 
the efficiency of the building stock is discussed in more detail in the following section.  
In terms of addressing the issue of fuel poverty, these schemes were better targeted 
at fuel poor households than the Winter Fuel Allowance but arguably better targeting 
was needed and should be a focus of future policy initiatives (Boardman, 2010, p65-
66).   
The fall in the average household expenditure on energy (normalised to 2011 prices) 
discussed previously suggests that householders in general are better off now than 
they were in 1970 but consideration of the way household energy use has changed 
                                            
3 Currently, eligible people living on their own receive £200.  Eligible householders living with another 
person who qualifies for the allowance receive £100 (gov-uk, 2015) 
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over time makes it difficult to compare then with now.  Expectations of a certain level 
of comfort have evolved with improving living standards and the switch to central 
heating in the majority of homes.  Growing awareness of poverty indicators and the 
recognition of fuel poverty as an issue in recent years mean that there is much more 
information about fuel poverty, and what it means for householders, than there was 
in 1970.   
According to DECC’s UK Housing Energy Fact File (2014), between 2003 and 2011 
the proportion of fuel poor households has reduced from 11.8% to 10.9% but the 
depth of fuel poverty faced by these households has increased significantly.  This is 
mainly due to increasing energy prices.  This suggests that the carbon reduction and 
energy efficiency schemes, as well as policies introduced specifically to address fuel 
poverty issues, are not having the desired effect.  If energy efficiency schemes and 
policies are insufficiently targeted then it is likely that the impacts of price rises will 
continue to be felt more by low-income households.  More recent government policy 
for energy efficiency improvements in the UK housing stock, the Green Deal and 
Energy Company Obligation (ECO), refers to affordable warmth as opposed to fuel 
poverty.  Whether fuel poor households have been better targeted by these 
measures than by previous ones remains to be seen.   
3.4 Technical change and improving the building stock 
3.4.1 Building regulations 
In terms of the UK building stock, building regulations have played a key role in 
improving energy efficiency standards for new homes, and since 2002 in existing 
homes where homeowners carry out building work (Palmer and Cooper, 2014).  
Building regulations, periodically reviewed since the first introduction of fabric 
insulation standards for new homes in 1965, have evolved as the concerns of energy 
policy have changed.  Initially, regulations were concerned with the safety of a 
building’s structure, but since 1976, revisions of the Building Regulations have 
included sections to cover thermal insulation in homes.  In 1985, Part L of the 
building regulation was specifically created to sets standards for the conservation of 
fuel and power in households and has subsequently been revised in 1990, 2000, 
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2002, 2006 and 2010 with additional amendments made periodically (Planning Portal, 
2014).   
Currently, design standards for new homes concentrate on two calculations: the CO2 
emissions rate (TER) and the fabric energy efficiency rate (TFEE).  The emissions 
rate calculation is related to the space heating and hot water systems, the use of 
pumps and fans, use of lighting and the fuels supplied to the home.  The TFEE rate 
calculates the energy demand of the building in kilowatt-hours per m2 of floor area 
per year for the provision and standardised use of specified fixed building services.  
This second rate sets the required standards for the building envelope in terms of 
insulation and heat loss such as through walls, windows and doors, and is assessed 
using approved calculation tools like the standard assessment procedure (SAP) 
(DECC, 2014d).  SAP was developed in the UK in response to the EU Energy 
Performance of Buildings Directive of 2002 which required member states to adopt a 
methodology at national or regional level to calculate the energy performance of 
buildings (EU, 2002).   
The focus on periodically raising standards, combined with the introduction of the 
standard assessment procedure (SAP) for the energy performance of buildings in 
2005 has played a significant role in improving the technical energy efficiency of the 
UK building stock over the last 40 years.  In the meta-review presented in Chapter 2 
a number of studies by the Building Research Establish (BRE) have estimated 
significant carbon savings due to uptake of different insulation measures and 
reduced heat loss from the building envelope (e.g. Shorrock (2000, 2003) and Utley 
and Shorrock (2008)).  Part of this improvement is directly related to improved 
standards in Building Regulations, though as discussed in Summerfield et al. (2011) 
because regulations apply to new and retrofitted homes only, other factors have also 
been at play to account for the overall improvements.  Nevertheless, the UK housing 
energy fact file highlights that all houses built since the 1985 Building Regulations 
count as fully insulated.  Additionally the 2006 and 2010 Building Regulations both 
significantly increased standards by 25%.  Continual improvements to the stock and 
subsequent improvements in overall energy efficiency as new houses are built and 
older ones retrofitted would appear to be guaranteed.  
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The conservation of fuel and power element of the building regulations is linked to 
EU and national policy on energy use and emission reductions but the regulations 
are wide ranging and also cover other factors such as structural and fire safety, 
ventilation and sanitation.  Legislating for improved energy efficiency as part of a 
broader package of legislation for house building is arguably an uncontentious policy 
mechanism in comparison with others.  The cost of meeting improved design 
standards falls largely to the construction industry and the improvements are applied 
to all new or retrofitted homes.  Other grant schemes and energy efficiency initiatives 
designed specifically to improve energy efficiency have, according to BRE reports 
(e.g. Shorrock et al., 2005), contributed to carbon savings from the housing stock, 
but their implementation and overall success is perhaps a more contentious issue 
than for building regulations.  
3.4.2 Policy for energy efficiency improvements 
The role of government initiatives in relation to their role in easing the impacts of 
energy price increases on fuel poor households has been discussed in section 3.3 of 
this chapter.  The main focus of schemes such as Warm Front, Energy Efficiency 
Commitments (EEC) 1 and 2, the Carbon Emissions Reduction Target (CERT) 
scheme, the Community Energy Saving Programme (CESP) and more recently the 
Green Deal and Energy Company Obligation (ECO) has been to improve the 
technical energy efficiency of the building stock.  Largely they have worked by 
requiring energy supply companies to meet emission reduction targets over set time 
periods and have been administered by DECC (e.g. CESP) and ofgem (CERT), as 
well as the Energy Saving Trust (EESoP – discussed below).  Often additional 
targets have been set to ensure identified priority groups had enhanced access to 
the schemes.  CESP, running from 2009 to 2012 was specifically aimed at low-
income areas and CERT expected that 40% of carbon savings should be from 
energy efficiency improvements in priority group homes, for example, where 
householders were over the age of 70 or in receipt of certain benefits such as child 
tax credit.   
BRE identify a number of grant schemes, introduced in the period prior to the energy 
efficiency initiatives previously mentioned, for loft insulation, cavity wall insulation, 
condensing boilers (Shorrock et al., 2005) and estimate emission savings over the 
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time periods of the policies (see Chapter 2).  The Home Insulation scheme (HIS) 
which ran from 1978-1990 was aimed at homeowners whereas, the Energy 
Conservation Programme of the same period aimed to improve local authority 
homes.  Both grant schemes focussed on loft insulation.  The Energy Efficiency 
Standards of Performance (EESoP) scheme between 1994/1995 and 1999/2000, 
and the Home Energy Efficiency Schemes (HEES) (2000) were aimed initially at 
electrically heated homes and providing grants for cavity wall insulation.   
In terms of the overall effect on energy demand and related emissions from UK 
housing, establishing the impact of each individual policy is difficult due to a lack of 
available detailed data and the overlapping influences of different initiatives.  The UK 
Housing Energy Fact File (Palmer and Cooper, 2014) has calculated emissions 
saving attributable to the CERT scheme and a number of studies reviewed in 
chapter 2 have estimated carbon emissions savings due to the combined effect of 
different measures (see Appendix A).   
As homes have been improved and new homes built to higher standards the 
average SAP rating of UK homes has increased substantially over the 40 year period 
examined in this study.  The conclusions to the meta-review presented in Chapter 2 
suggest that grants and government schemes have contributed to these higher 
standards.  If the role and effectiveness of these policies is also considered in terms 
of their social impact on reducing fuel poverty, as discussed earlier, then it highlights 
the difficulty of measuring the comparative success of different schemes.  It perhaps 
also raises questions of whether policies could be more effective in terms of reducing 
energy demand and reducing emission with more appropriate targeting at particular 
households.   
The recent aim of energy efficiency policy has been to create a market for efficiency 
improvements through the Green Deal with the additional Energy Company 
Obligation (ECO) ensuring energy companies were still legally obligated to provide 
energy saving measures to household.  The ECO had a particular focus on 
vulnerable householders and/or homes which are hard to treat whereas the Green 
Deal did not have the same responsibility.  How effective the Green Deal and ECO 
would be in terms of reducing energy use and carbon emissions in comparison with 
previous schemes was unknown when the schemes were started.  Critical appraisal 
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of the schemes suggested it was unlikely they would be as successful in addressing 
fuel poverty (or affordable warmth) issues due to a reduction in the resources 
available (Rosenow and Eyre, 2012).  Recently (July 2015), the government decided 
to stop funding the Green Deal Finance Company meaning no new funding is 
available to householders.  This suggests the schemes were not as successful as 
hoped for by the government.   
3.4.3 Lighting and electrical appliance efficiency 
Much of the policy interventions to improve energy efficiency in the UK residential 
sector discussed in this chapter are focussed on reducing energy demand for space 
heating and hot water through efficiency savings from improvements to the building 
envelope.  In terms of lighting and electrical appliances, improving efficiency has a 
longer history of being left to the market, though in terms of lighting the CERT 
scheme replaced many incandescent bulbs with low energy light bulbs (Palmer and 
Cooper, 2014).  Other policy within this area is focussed on provision of information 
on the efficiency standards of appliances for householders, which supports the role 
of the market by allowing consumer to make informed choices and comparisons of 
the products they buy.  In the UK energy labelling of products follows guidance set 
out in the 2010 EU directive on energy labelling (EU, 2010), which replaced the 
earlier 1992 EU directive on providing standard product information of the 
consumption of energy and other resources.   
Further to the labelling directive product manufacturers can apply for an Ecolabel 
which demonstrates that the product has a reduced impact on the environment 
(GOV.UK, 2015).  This is part of the government’s product policy which seeks to 
reduce emissions from products and services by encouraging businesses to reduce 
their impact on the environment.  In other policy developments, the ‘MarketWatch’ 
initiative, co-financed by the European Commission, has been specifically introduced 
with the aim of monitoring the level of compliance of energy-using products through 
surveillance and testing.  The aim of the initiative is to reduce energy consumption 
and hence household energy bills whilst ensuring ‘a level playing field’ for 
manufacturers by ensuring they are meeting the stated standards (EST, 2015b).   
Currently, at the household level, an increasing focus on smart metering and better 
billing is intended to encourage householders to think more about their energy use 
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by providing them with more readily available information on their energy use.  The 
hope is that householders will use less energy as a consequence and current aims 
are that all homes will have smart meters by 2020 (Palmer and Cooper, 2014).  It is 
intended that responsibility for replacing meters lies with energy supply companies.   
3.4.4 The policy role of the EU  
As can be seen through the preceding discussions, over the last 10-15 years 
improving the UK’s building stock has played an increasingly prominent role in UK 
energy policy.  For many of the initiatives and targets discussed, the background to 
them can be traced to directives and targets set by the EU, themselves linked to 
international agreements on action on Climate Change.  The changing policy 
landscape which saw a greater focus placed on the environmental impact of energy 
use in the 2000s perhaps peaked with the ambitious greenhouse gas emission 
reduction targets outlined in the 2008 Climate Change Act.  The Act outlined the 
UK’s answer to EU directives requiring member states to set emission reduction 
targets.   
In terms of UK residential sector efficiency and energy use, perhaps the biggest EU 
legislative influence has been the Energy Performance of Buildings Directive (EPBD) 
introduced in December 2002.  Key requirements of the EPBD were that all member 
states should enhance their building regulations through the introduction of a 
framework for an integrated methodology for measuring energy performance 
standards and an energy certification scheme for buildings.  Implementation of the 
requirements of the directive in the UK via the 2004 UK Housing Act led to the 
adoption of the SAP methodology for measuring the performance of UK homes in 
2005.   In 2007 Energy Performance Certificates for dwellings were introduced, 
initially as part of the later to be suspended (2010) Home Information Packs (HIPs). 
Action to prevent dangerous climate change is a strategic priority for the European 
Commission (EC, 2015).  The targets agreed in the 2008 UK Climate Change Act 
are legally binding and recently the EU has agreed to further targets of a 40% 
reduction in emissions by 2030, against the 1990 baseline.  The UK and the 
Department of Energy and Climate Change considered this new ambitious target to 
be a ‘major win’. This is especially true as they consider the UK’s Climate Change 
Act and Electricity Market Reforms to have put the UK on a clear path to become a 
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low carbon economy.  Subsequently, there is no ‘expected additional cost impact for 
UK bill and tax payers’ of this target (DECC, 2014e) as measures to reduce 
emissions are already being implemented across the UK’s economic sectors. 
3.5 Timeline of policy and events 
A timeline of policy and events related to energy use and related emissions in the UK 
residential sector is presented below.  The timeline describes the changing political 
landscape in the UK and the impact on the energy supply industry and the role and 
status of energy policy.  In addition, the timeline identifies changes to the UK 
Building Regulation, government papers and Acts, and highlights international action 
in response to growing acknowledgement of the impacts of climate change.  The 
timeline is intended as a guide to aid examination of historical energy use and 
emission trends within the context of a changing political, social, technological and 
policy landscape and will be referred back to in relation to the data sets available for 
the sector and the results of quantitative modelling presented later in this thesis.   
 
In the timeline GE is an abbreviation for general election. Con for Conservative Party, Lab 
for Labour Party and LD for Liberal Democrats.         &          identify the election of 
Conservative and Labour governments, respectively.   
 
The 1970s 
1970 GE Edward Heath PM Con 
1972 Building Regulations (Part F - Thermal Insulation) 
Oil crisis and price shock 1973. 
1974 1st GE Harold Wilson PM Lab  Minority Government 
1974 2nd GE Harold Wilson PM Lab 
1974 Formation of Department of Energy  
1976 Harold Wilson resigns.  James Callaghan PM Lab 
1976 Building Regulations revised (1976) 
Winter of discontent 1978-79 
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Oil crisis and price shock 1979 
1979 GE Margaret Thatcher PM Con 
 
  The 1980s 
N. Lawson speech to British Institute of Energy Economics: 
‘the government’s role… not to plan energy’ (1982) 
1983 GE Margaret Thatcher PM Con 
1983 Energy Act 
1984 Building Act  
National Union of Minors (NUM) strikes 1984-85 
1985 Building Regulations (Part L – Conservation of fuel and power) 
1986 Gas Act  
1986 Privatisation of British Gas  
1987 GE Margaret Thatcher PM Con 
1988 White Paper: Privatising Electricity  
1989 The Electricity Act  
 
 
The 1990s 
1990 White Paper: ‘This Common Inheritance’.   
Strategy for stabilising CO2 emissions at 1990 levels by the year 2005  
1990 Margaret Thatcher resigns.  John Major PM Con 
1991 Building regulations revised 
1991 Sale of Regional Electricity Companies 
1st Gulf War 1991 
The United Nations Framework Convention on Climate Change (UNFCCC) 1992 
Energy Saving Trust 1992 
1992 The Department of Energy Disbanded  
1992 GE John Major PM Con 
1993 White Paper: Prospects for Coal  
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1994 VAT levied on domestic fuel and power at 8%. 
Intergovernmental Panel on Climate Change (IPCC): 
Second Assessment Report on Climate Change 1995 
1995 The Gas Act 
1995 Home Energy Conservation Act 
1997 GE Tony Blair PM Lab 
1997 VAT levied on domestic fuel and power reduced to 5% 
Kyoto Protocol is adopted in Kyoto, Japan 1997 
1998 VAT levied on installation of energy saving materials reduced: 
17.5% to 8% 
North Sea oil and gas peak production 1999 
 
The 2000s 
2000 Building Regulations revised  
2000 Utilities Act 
Intergovernmental Panel on Climate Change (IPCC): 
Special Report on Emission Scenarios 2000 
2001 GE Tony Blair PM Lab  
2001 UK Fuel Poverty Strategy  
2002 Building regulations revised  
2002-05 Energy Efficiency Commitment 1 -  
EU Energy Performance of Buildings Directive 2003 
2003 Energy white paper 2003: ‘Our energy future: creating a low-carbon economy’  
2005 GE Tony Blair PM Lab  
Phase I: EU Emissions Trading Scheme (ETS) 2005-07 
2005 Adoption of SAP methodology to calculate the energy performance of dwellings. 
2005-08 Energy Efficiency Commitment 2  
2006 Building regulations revised 
Stern Review: The Economics of Climate Change 2006 
EU Energy End-use Efficiency and Energy Services Directive 2006 
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2007 Tony Blair resigns.  Gordon Brown PM Lab. 
2007 Energy White Paper 2007: ‘Meeting the energy challenge’ 
2007 Introduction of Energy Performance Certificates: 
Part of Home Information Packs (HIPs) suspended in 2010 
Phase II: EU Emissions Trading Scheme (ETS) 2008-12 
2008 Formation of the Department for Energy and Climate Change (DECC)  
2008 Climate Change Act: 80% greenhouse gas emission reduction by 2050.   
2008 Energy Act 
2008 Formation of the Committee on Climate Change (CCC) 
2008-11 Carbon Emissions Reduction Target (CERT) 
2009 Low Carbon Transition Plan: National strategy for climate and energy.  
 
The 2010s 
2010 GE David Cameron PM Con          (Coalition with LD) 
2010 Energy Act 
2010 Introduction of Feed in Tariffs  
2010 Recast of Energy Performance of Buildings Directive (EU)  
2010 Building Regulations revised 
2011 Extension of CERT to December 2012  
2011 White Paper: Electricity Market Reform (EMR)  
2011 Energy Act  
Phase III: EU Emissions Trading Scheme (ETS) 2013-20 
2013 Green Deal and Energy Company Obligation launched 
EU agrees further targets of a 40% reduction in emissions by 2030 2014 
2015 GE David Cameron PM Con 
2015 Government stops funding for Green Deal Finance Company 
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3.6 Summary 
Over the last four decades national and international events and the changing 
ideological objectives of successive governments have led to significant changes in 
the role and scope of energy policy in the UK.  In the 1980s and 1990s the 
Conservative government’s desire to liberalise energy markets and reduce the role 
of government in energy planning led to structural reform of the country’s energy 
supply industry.  This liberalisation of the energy companies had wide ranging 
consequences.  It opened the door for a ‘dash for gas’ which subsequently led to 
changes in the supply fuel mix and large reductions in the carbon intensity of energy 
supply.  Additional ‘knock-on’ effects on the cost of energy to householders resulted 
from these changes, as discussed in this chapter.  Move forward to the present, and 
the privatised energy supply industry is integral to policy on national emission 
reduction targets and energy efficiency improvements in the UK housing sector.  
This would appear to suggest that the dream of an unplanned energy industry has 
not been realised. 
One of the obvious aspects of the timeline presented in section 3.5 of this chapter is 
the increase in energy related policy over the last two decades.  There is perhaps an 
argument that it is easier to collate information from the more recent past and that 
this accounts to some extent for the greater number of entries in the 2000s and 
2010s.  Nevertheless, the review of policy in this chapter identifies a number of 
factors which account for the increased policy focus: energy security concerns due to 
the decline in North Sea Oil and Gas production since 1999; growing acceptance of 
climate change predictions and subsequent emission reduction targets agreed 
internationally, set by the EU with actions implemented in the UK; increased 
awareness of the social impacts of energy price increases on householders. 
In the UK residential sector these factors have been addressed through different 
policy mechanisms such as building regulations, fuel poverty strategies and 
schemes such as CERT.  Both Labour and Conservative governments have 
supported continued liberalisation of energy markets and therefore have focussed on 
finding policy solutions which attend to the issues of energy security, climate change 
and affordability, within the framework of energy markets.  In recent years, energy 
supply companies have played a significant role in improving the UK building stock 
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as successive policies have obligated them to reduce emissions from their customer 
base.  Combined with improved standards in the UK Building Regulations, these 
schemes have helped raise the average energy efficiency of UK homes.  In relation 
to the social issue of fuel poverty in particular though, these schemes have had 
questionable success which raises concerns about how they are targeted at 
households and whether they could have been applied more effectively.   
In terms of energy use and related emissions, it is difficult to see how there has not 
been a conflict of interest in giving energy companies responsibility for reducing 
demand in the housing sector.  In recent years energy companies have blamed 
‘green’ policies for the increased cost of energy to consumers, though reports by the 
Committee on Climate Change suggest increasing gas prices are more to blame.  
This perhaps highlights the reluctance of energy companies to be responsible for 
emission reductions and the current government would appear to be sympathetic to 
this attitude.  The recent focus on creating an energy efficiency improvement market 
through the Green Deal, and the reduced resources given to the Energy Company 
Obligation take some of the responsibility away from the energy companies.  
Whether market based approaches will address energy security, climate change, 
and fuel poverty issues is much disputed and the recent stop on government funding 
for the Green Deal suggest the initial attempt has been unsuccessful.  In this thesis, 
gaining a better understanding of the factors which have impacted on the 
effectiveness of previous policies schemes could provide guidance on how to adapt 
policy to better address these issues in the future.  This policy review will inform 
subsequent work in this thesis: in particular the discussion of policy implication 
indicated by the results of quantitative modelling. 
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Chapter 4: Research Methods 
Chapter Highlights 
Historical analyses of the UK residential sector; measuring energy efficiency; 
identifying a different approach to measuring behaviour; Data Envelopment Analysis; 
research hypotheses. 
4.1 Introduction 
In Chapter 2, a combined literature review and meta-review identified and examined 
factors which have influenced UK residential sector energy use and related 
emissions for five energy services between 1970 and the present.  Sector energy 
services were categorised as space heating, hot water, cooking, lighting and 
appliances.  A meta-review methodically surveyed different types of studies which 
have estimated the size of the effect of influencing factors, and identified approaches 
taken to model the whole sector.  The review also considered the extent to which 
studies have assessed the historical effectiveness of policy initiatives aiming to 
reduce total sector energy demand and emissions.  As a result of this review a gap 
in the research was identified and outlined in the outcomes from Chapter 2 (Section 
2.8). : 
New approaches are needed to measure and understand historical ‘energy efficiency’ 
changes & behaviour in the UK residential sector, in terms of both energy use and 
related emissions, relative to different types of influencing factors and policy 
interventions. 
In addition, a comprehensive review of policies, regulations and structural changes 
related to the sector’s energy supply, demand and related emissions was presented 
in Chapter 3. A policy timeline at the end of the chapter highlighted the main policies 
and events.  
In this chapter, the focus of the study moves to Objective 2 of the research (see 
Chapter 1, Section 4), ‘identifying an appropriate approach for modelling sector 
energy use and emissions’.  The following section of this chapter summarises 
different approaches to historical analysis of the sector, identified in the meta-review 
in Chapter 2, and compares four studies which measure housing energy demand 
and emissions changes.  This comparison highlights the requirements for a new 
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approach to modelling the sector, as identified by the research gap, that can 
generate a measure of sector efficiency between 1970 and the present.  The chapter 
moves on to explore the challenges of a whole sector, longitudinal analysis and in 
section 4.3 an appropriate research method for measuring the energy efficiency of 
the sector is discussed.  The chapter concludes by returning to the research aim and 
objectives, set out at the end of Chapter 1, and details five research hypotheses 
which will be tested using the identified method. 
4.2 Modelling behaviour and residential sector energy efficiency 
4.2.1 Summary of sector modelling techniques 
Chapter 2 described in detail the differences between two broad types of studies of 
the UK residential sector and relationship with policy decisions: firstly, bottom-up 
studies, mainly comprising building stock models, which aim to estimate baseline 
energy consumption of the existing residential stock, and are used to predict future 
energy demand under different scenarios (Kavgic et al., 2010); secondly, top-down 
econometric models, using aggregate data to fit a time-series of national energy 
consumption or carbon dioxide emissions in order to investigate the inter-relationship 
between energy demand and the macro economy (Swan and Urgursal, 2009).  Many 
of the models surveyed in Chapter 2 fell into definite categories of top-down 
econometric studies estimating price and income elasticities for energy demand or 
expenditure (for example, Hunt et al., 2003) or bottom-up building stock models such 
as BREDEM (Shorrock and Dunster,1997), UKDCM (Hinnels et al., 2007) and 
CDEM (Firth et al., 2010).  Other studies combined aspects of both model types by, 
for instance, modelling the effects of technical change on aggregate CO2 emissions 
over time (Shorrock, 2003) or calculating price and income elasticities for 
populations of households using survey micro data (Baker et al., 1989).   
The aim of this thesis is to examine how energy demand and related emissions have 
changed over time, and a way of approaching this, identified by the research gap, is 
to consider how ‘energy efficiency’ has changed.  Part 3 of Chapter 2 discussed 
some of the different definitions of ‘energy efficiency’ used in the literature and 
examined the difficulties arising for analysis of policy and rebound effects of 
focussing on particular definitions (Patterson, 1996 and Sorrell, 2007).  These 
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difficulties are considered in the comparison of four different studies examined in the 
meta-review.   
The final part of this chapter will consider a new approach for measuring sector 
energy efficiency, some of the issues arising in applying a new approach, and the 
possible advantage in comparison with current methods.  To support the 
identification of an appropriate new approach, this section focusses on four 
examples of longitudinal analyses of the UK residential sector and their relationship 
with energy efficiency.  The studies selected from the meta-review sample represent 
different techniques which have been used to estimate changes in energy demand 
and/or emissions over time due to different influencing factors.  Examining these 
studies in more detail highlights how a new approach could add to the knowledge in 
this area, and identifies some of the issues of whole sector analyses that need to be 
considered when selecting a method. 
4.2.2 Econometric: UK household energy demand and expenditure 
Chapter 2 highlighted an issue with econometric studies, which use time-series data 
to examine the elasticity of energy demand in response to economic factors; they 
lack the technological explicitness of bottom-up models and this makes analysis of 
the effects of regulation and policy in the sector challenging (Swan and Urgursal, 
2009).  A barrier to increasing the technological explicitness of top-down models of 
the residential sector is that there is a lack of consistent, complete datasets related 
to energy use and that models which attempted to include ‘multifarious independent 
and derived variables’ would risk having little statistical power (Summerfield et al., 
2010, p14).  Despite these issues, econometric models are informative to 
policymakers because they consider the long and short term relationships between 
economic factors, such as price and income, and energy demand and emissions in a 
way that building stock models, reliant on disaggregate, cross-sectional survey data, 
largely do not.   
A sectoral analysis of the underlying trends and seasonality in UK energy demand 
(Hunt et al., 2003) estimates price and income elasticities for residential sector 
energy demand using a structural time series model which recognises stochastic 
trends and seasonality.  Reported estimates of long-run income and price elasticities 
are 0.30 and -0.22 respectively; the values for price elasticity estimates are similar to 
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other studies such as the ADEPT model discussed in the following section 
(Summerfield et al., 2010).   
A report for the Scottish Government by Cambridge Econometrics (Palmer, 2010) 
discusses estimations of price elasticities of energy demand, including Hunt et al.  
(2003) and identifies that an alternative method for econometric models would be to 
estimate the elasticity of demand for energy services (for example, space heating) 
with respect to energy efficiency.  This approach would allow for better estimations of 
the rebound effect and subsequent implications for policy initiatives hen models 
which focus on modelling sector energy demand or delivered energy.   
Standard top-down econometric estimates of price elasticities assume that 
householders respond to technical energy efficiency improvements in the same way 
and that this response to technical change is unaffected by changes in energy prices.  
In terms of income effects, the United Kingdom Housing Energy Fact File recognises 
that there is currently little understanding of how income affects demand for energy 
services, and that income effects, along with price effects, are omitted from technical 
models which estimate savings from efficiency improvements to homes (Palmer and 
Cooper, 2014, p31).  The interactions between different influencing factors are not 
appropriately assessed in these models, as was highlighted in Chapter 2. A focus on 
energy service demand (as proposed above) and how efficiently the sector has 
behaved in using energy historically could address this gap in modelling.   
Structural time series modelling is used in a later study by Chitnis and Hunt (2012) to 
estimate a stochastic underlying energy expenditure trend and price and income 
elasticities.  This extension of the method looks beyond energy demand to focus 
more on the behaviour of the sector, represented by expenditure on energy and 
estimates a significant impact of exogenous non-economic factors and energy 
intensity in addition to the impact of price and income.  Energy expenditure can be 
considered as an economic output measure of energy service demand but the 
results of the modelling process do not determine the specific influence of technical 
and structural factors.  It is possible that other measures of energy service demand 
would allow for a better analysis of the influence of non-economic factors.    
The reason econometric models do not generally focus on energy service demand 
and energy efficiency takes us back to an issue identified in the first paragraph of 
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this section; the availability of suitable, accurate data on energy end uses and 
energy efficiency constrains modelling of energy service demand and behaviour at 
the whole sector level.  This data constraint for whole sector modelling is recognised 
in the literature on residential sector energy and emissions modelling discussed in 
Chapter 2 and Chapter 5 (Data Sources) examines this issue and the available data 
sets in detail.  The following section highlights why data availability is an important 
consideration when selecting an appropriate modelling method to examine the 
behaviour and energy efficiency of energy service demand of the sector.   
4.2.3 Econometric: UK domestic delivered energy 
In Summerfield et al. (2010), a simple multiple regression model, ADEPT is 
presented which identifies the trajectory of UK domestic delivered energy.  The 
outputs from this study have been discussed in Chapter 2.  The premise behind the 
model is that straightforward methodologies are needed to ‘identify when trends in 
delivered energy for the sector are significant and robust, rather than merely 
transient variation due to factors extraneous to energy policy’.  The analysis 
recognises the importance of assessing the historical effectiveness of policy 
initiatives, one of the focusses of this thesis, and suggests that a ‘parsimonious and 
heuristic’ approach to model building should be taken so that top-down models of the 
sector are clear and comprehensible and don’t require assumptions for parameters 
where there is not much available data.   
The results of the analysis indicate that since 1970 there is no evidence of variation 
in annual delivered energy beyond that due to variations in the external temperature 
and energy price.  Though energy efficiency improvements to the housing stock may 
have an effect on delivered energy they are small in comparison with the effects of 
temperature and price.  The analysis recognises that there could be a relationship 
between energy prices and energy efficiency which cannot be defined in the analysis 
because energy price changes may be acting as a proxy for technical efficiency 
improvements.  Increasing energy prices may motivate householders to improve the 
energy performance of their house by investing in efficiency improvements such as 
insulation, and these measures may be promoted through policy initiatives, but the 
model is not able to attribute changes in delivered energy to these factors.  
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The need to better understand energy efficiency changes has been recognised in 
this study as a research gap.  A suitable method is needed to measure efficiency 
changes in terms of energy service demand, in order to examine the relationship 
with the two broad categories of factors identified in this thesis: factors which 
influence energy service/comfort levels achieved with a set level of energy use and 
related emissions; factors which influence the level of energy and emissions required 
to achieve a set level of energy service/comfort.  Examination of models in the meta-
review which estimate price and income elasticities has highlighted it is important to 
understand these interactions in order to understand the historical contribution of 
policy.  Section 4.3 of this study will propose a research method for measuring 
efficiency which can contribute to these gaps, but which is appropriate in terms of the 
data constraints discussed in relation to the ADEPT model and explored in Chapter 5.   
4.2.4 Decomposition analysis: economic activity 
Decomposition analysis (DA) is a much used method for decomposing changes in 
an aggregate such as sectorial energy demand or emissions, into contributions from 
several specified factors in order to analyse historical, changing patterns caused by 
different influencing factors (Ang, 1995).  DA is a widely accepted tool for national 
energy and environmental policy making (Ang 2004) and in the meta-review in 
Chapter 2, five studies were identified which utilised decomposition analysis 
methods.  In one example, Agnolucci et al. (2009) decomposition analysis is used to 
decompose changes in energy demand and CO2 emissions over time into 
contributions from different factors for different sectors of the UK economy.  Results 
were used to construct scenarios for future energy demand under different 
conditions. 
In the analysis, disaggregated variations of the Kaya identity (Equation 2.1 in 
Chapter 2) are used for different energy demand sectors, to examine changes in 
CO2 emissions using decomposition analysis.  The study uses variations on the 
E/GDP (energy intensity of economic output) ratio for service sectors such as the 
residential sector, replacing gross domestic product with the term energy services 
(ES) or ‘activity level’ (AL).  This reflects that the sector delivers energy services 
such as space heating rather that an output which contributes measurable to GDP.  
Activity level (AL) is measured by total consumer expenditure on energy services.   
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The discussion of energy efficiency definitions in Chapter 2 stated that a general 
definition of energy efficiency is ‘useful output of a process’ / ‘energy input into a 
process’ (Patterson, 1996).  The inverse of the energy intensity term E/GDP in the 
Kaya identity can be considered to represent changing efficiency.  In the Agnolucci 
et al. (2009) decomposition analysis, ‘useful output’ for the residential sector is 
represented by energy expenditure.  Though this method allows for an analysis of 
the contribution of the residential sector to UK carbon emissions in different 
economic and demographic scenarios, it does not recognise different end-uses and 
demand for energy services in the sector.  This is an issue identified with using 
economic efficiency or intensity terms such as E/GDP in Wilson et al. (1994) in that 
they do not measure the underlying technical energy efficiency and do not account 
for other structural aspects such as changes in the energy input mix.   
In this thesis where finding methods to measure behaviour and energy service 
efficiency has been identified as a research gap consideration needs to be given to 
using non-economic measures of energy service demand.  Using an aggregate 
output measure such as energy expenditure does not appropriately describe energy 
use in the sector in a way that allows for a description of underlying technical change.  
Alternative measures of energy service levels could allow for an analysis of the 
influence of technical and structural factors on how householder’s use energy.  
Section 3 of this chapter will explore this issue in more detail.   
4.2.5 Decomposition analysis: technical 
The final example considered in this section also uses decomposition analysis 
methods, in a detailed analysis by the Building Research Establishment (BRE) of the 
historical role of energy efficiency in reducing CO2 emissions from the UK housing 
stock (Shorrock, 2003).  The analysis builds on previous work (Shorrock, 2000 & 
Shorrock et al., 2001) to decompose changes in the energy use and energy 
efficiency characteristics of the UK building stock between 1970 and 2001 and 
identify the individual components of carbon emission reductions.  The results of the 
analysis informed the first Domestic Energy Fact File in 2003.   
In the study, the term energy efficiency refers to the technical condition of the UK 
building stock.  The components of the housing stock considered to determine 
energy efficiency and contribute to emission increases or decreases are labelled 
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improved insulation, heating efficiency improvement, electricity supply industry 
changes, ‘other carbon factor changes’ (this includes switching to central heating 
from coal fires), household growth and level of service.  The outputs of this and the 
earlier BRE analyses have been presented in the meta-review and will not be 
discussed in detail here.  The study is undoubtedly useful in terms of estimating the 
influence of different factors over time and, in comparison with the Kaya based 
decomposition discussed previously, considers changing technical energy efficiency.   
The main findings of the analysis are that the effect of factors that have tended to 
increase emissions, increased service level and number of households, has been 
outweighed by the effect of factors that have tended to reduce emissions such as 
electricity supply industry changes and efficiency improvements.  What the 
decomposition analysis does not consider, which is an issue with technical 
definitions of energy efficiency, is the relation with other factors such as price and 
income and their impact on how energy is used.  The ADEPT model (Summerfield et 
al., 2010) which highlighted that energy price can act as a proxy for technical 
efficiency improvements also identified that the inclusion of heating efficiency and 
insulation variables and exclusion of energy price significantly reduced the ‘fit’ of the 
regression model.  
Though the BRE decomposition analysis studies also consider increasing energy 
service levels as a component of residential sector carbon emission increases their 
analyses do not identify the impact of factors such as price and income on either 
service levels or technical efficiency improvements.  In terms of designing effective 
policy and identifying potential rebound effects, understanding these relationships is 
important, as discussed in Chapter 2, and therefore there is a gap in models which 
focus on modelling technical change.  A new approach which focuses on measuring 
the behaviour and energy efficiency of the whole sector in terms of how energy is 
used, rather than the efficiency of the technologies used could address this gap.   
This approach could offer new insights into how energy use and related emissions 
has been influenced by the range of economic, socio-economic, temperature, 
technical, structural and policy factors identified in this thesis.  
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4.2.6 Selecting an approach 
Section 4.2 highlights the issues to be considered to address the research gap 
identified in this thesis and find a new approach to measure and understand 
historical changes in energy efficiency and behaviour in the UK residential sector.  
The main requirement is that the approach provides a measure of whole sector 
behaviour which describes how efficiently energy services have been achieved in the 
sector.  The method needs to allow for an analysis of the influence of both factors 
which influence energy service/comfort levels in the sector and those factors related 
to technical and structural change which influence the level of energy consumption 
and related emissions required to receive energy services.  In terms of measuring 
energy efficiency, suitable output and input measures are needed which recognise 
and describe changing demand for the five energy services in the sector and the 
energy and subsequent emissions required to generate those services.  Finally, the 
modelling approach needs to clear, understandable and suitable in terms of the data 
that is available and the subsequent constraints which exist for any historical 
analysis of residential sector energy use and emissions.   
The next section of this chapter proposes a new approach to modelling the UK 
residential sector’s energy use and related emissions which meets the requirements 
set out here.  The method, Data Envelopment Analysis, can allow for an analysis 
which allows different characteristics of sector energy service demand to be 
synthesised into a measure of relative energy efficiency which described the 
behaviour of the sector over a period of time.  The behaviour measure can be used 
in subsequent regression analysis to examine the relationship between energy 
efficiency and the wide range of influencing factors identified in the meta-review.  In 
addition, the approach can be used to gain new insights into the historical role of 
policy as an influencing factor.   
4.3 Data envelopment analysis 
4.3.1 Background and use in environmental studies 
Data Envelopment Analysis (DEA) is a method for benchmarking the performance of 
organisations, first introduced in 1978, in a paper describing a technique for 
estimating the relative efficiency of schools using multiple inputs and outputs 
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(Charnes et al., 1978).  This technique extended Farrell’s (1957) measure of 
technical efficiency in a single input/single output case, and utilises linear 
programming methods to provide optimised relative performance measures of 
organisational units where there are multiple outputs and inputs (Ramanathan, 2003).  
Since its introduction, DEA has been widely employed to benchmark performance of 
many different types of organisation such as companies, not for profit organisations, 
sectors of the economy, regions and nations (Weyman-Jones, 2007).  The DEA 
method has its roots in operational research rather than econometrics and is 
increasingly employed in environmental and energy research. 
A survey of the use of Data Envelopment Analysis in energy and environmental 
studies (Zhou et al., 2008), describes how DEA has gained popularity as a modelling 
technique for decision analysis in this research area and its acceptance as a 
technique for benchmarking energy sectors in many countries.  The survey classifies 
100 publications and though a majority of studies at that time used DEA to examine 
the electricity industry, around a quarter of studies used DEA to measure 
environmental performance and environmental regulation impacts; within these, 
energy consumption and carbon dioxide emissions are main areas of study.   
Examining the literature on data envelopment analysis sets a precedent for its use 
as a method for analysing the UK residential sector’s energy use and related 
emissions from an energy efficiency perspective.  DEA has been used previously to 
examine efficiency at an aggregated level over a period of time, relative to both the 
energy consumption and carbon dioxide emissions; in “an analysis of energy 
consumption and carbon dioxide emissions in countries of the Middle East and North 
Africa”, (Ramanathan, 2005) 17 countries are compared between 1992 and 1996.  In 
terms of analysis of residential sector energy demand and emissions, the method 
has been applied by Grösche (2009) in ‘Measuring residential energy efficiency 
improvements with DEA’, which examines survey data on a population of 
households in the US in 1997 and 2001.   
The rest of this chapter will describe how DEA, building on the principles of previous 
analyses outlined above, can be applied to an examination of the energy efficiency 
of the UK residential sector between 1970 and the present day.  As will be discussed, 
DEA provides a route for generating a measure of energy efficiency which describes 
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the behaviour of the sector.  Though DEA is an established benchmarking technique, 
applying the method to measure historical changes in energy efficiency is an 
innovative approach.  The measure can be used to assess the historical influence of 
different factors identified in Chapter 2 on the sectors energy use and emissions, and 
to examine the effectiveness of the policies and interventions detailed in Chapter 3’s 
policy review.  
4.3.2 Method 
The aim of Data Envelopment Analysis is to measure how efficiently an 
organisational unit uses a set of inputs to generate a set of outputs (Charnes et al., 
1978).  As a general definition, inputs in DEA are resources or costs whereas 
outputs are the goods or services produced (Ramanathan, 2003).  DEA extracts 
information from the population of organisations and uses the concept of efficiency, 
the ratio of total outputs to total inputs, to produce a summary measure of relative 
efficiencies for each organisation.  Unlike parametric approaches, which aim to 
optimise a regression plane through the data points, the mathematical model in DEA 
calculates a frontier from the best performing (or best practice) units through 
optimisation of each individual observation (Charnes et al., 1994).  The performance 
efficiency is calculated for each organisation with the requirement that each 
organisational unit is on or below the frontier.  Best performing units define the 
frontier and the efficiency of other units is measured by their distance from the 
frontier: the greater the distance from the best-practice frontier the lower the 
efficiency rating of the unit (Ramanathan, 2003).   
The non-parametric approach of DEA has the advantage over other methods such 
as decomposition analysis in that it is not necessary to impose a functional form on 
the relationship between inputs and outputs, or make assumptions about the 
distribution of error terms.  Additionally, DEA allows comparison of different 
organisational units with diverse characteristics and with inputs and outputs 
measured in different units (Ramanathan, 2005).  DEA provides a single comparable 
measure of performance for each organisation in the population, but, perhaps most 
importantly for this study, and as shall be discussed in the following section, it does 
not require a single aggregated measure of one output or one input (Charnes et al., 
1994).  DEA identifies that organisations may have multiple inputs and outputs that 
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interact with each other, and allows a ‘system orientated’ approach to analysing their 
performance (Bogetoft and Otto, 2011, p13).  It is appropriate to consider a system 
orientated approach for the residential sector, where defining a single aggregate 
measure of the energy services householders receive in their homes is challenging. 
A number of books referenced in this section describe the DEA procedure and the 
underlying mathematical programming problem in detail, and can be referred to for 
further information on the technique.  Bogetoft and Otto (2011) describe how to 
benchmark performance using DEA in ‘R’ programming software.  ‘An introduction to 
Data Envelopment Analysis’ (Ramanathan, 2003) and ‘Data Envelopment Analysis: 
Theory, Methodology and Application’ (Charnes et al., 1994) describe DEA 
mathematical programming and computation in detail.  All three, as well as other 
literature on DEA, provide examples of studies where organisations have been 
compared using DEA and describe different methods of second stage analyses of 
efficiency measures.    
4.3.3 Application of method to an analysis of UK residential sector energy efficiency 
This study proposes that DEA is used for the first stage of a two stage analysis of UK 
residential sector energy use and emissions between 1970 and the present.  The 
first stage will use DEA to estimate the sector’s energy efficiency over the time 
period; the second stage will use the efficiency measure to investigate the historical 
influence of different variables using regression analysis.  The variables investigated 
will be those understood to influence the sector’s energy use and emissions in the 
meta-review in Chapter 2.  In addition, the influence of the changing social, political 
and economic landscape of the sector’s energy policy and regulations, outlined in 
Chapter 3, will be investigated.   
DEA is used to estimate how efficiently an organisation converts a set of inputs to a 
set of outputs.  In order to apply the DEA method to an analysis of the UK residential 
sector it is necessary to construct a definition of efficiency for the sector.  This can be 
done with reference to the Kaya identity (Equation 2.1 on page 17), which represents 
the human impact on CO2 emissions as a product of four driving factors, where CO2 
is carbon dioxide emissions, E is energy use, GDP is gross domestic product and 
POP is population.   
Chapter 4: Research Methods 
114 
 
Chapter 2 described how the four ratios in the identity describe four trends related to 
aggregate carbon emissions: the carbon intensity of energy supply, CO2/E; the 
energy intensity of output, E/GDP; economic trends, GDP/POP; and finally 
population change in terms of per capita emissions, CO2/POP.  The Kaya identity, as 
written above, can be applied at international, national or sectoral level to describe 
overall emission changes.  In this study, the identity as it applies at the sector level is 
considered, and used to generate a definition for the energy efficiency of the UK 
residential sector which provides a framework for a DEA procedure.    
If applied at the sectorial level for the UK residential sector, the CO2/E ratio 
represents the change in carbon intensity of energy used in households, either 
directly for heating or indirectly from electricity supplied.  Figure 4.1 shows how the 
carbon intensity of final household energy use has decreased over time.  Carbon 
intensity in million tonnes of CO2 per terra watt hour of final energy use in the UK 
residential sector is calculated using energy end-user sector emissions data from the 
Greenhouse Gas Inventory (DECC, 2013d) and energy consumption data from the 
UK Housing Energy Fact File Data Tables (DECC, 2014c ).  Within the terms of the 
Kaya identity above, a reduction in carbon intensity contributes to overall emission 
Figure 4.1: Plot of carbon intensity of household energy use. 
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reductions, but as in an identity it is implicit that relationships exist between the terms 
of the identity (Agnolucci et al., 2009), the other ratios of the identity also influence 
overall emissions.   
If the Kaya identity is applied to the residential sector, the E/GDP ratio does not 
adequately represent energy intensity trends because the residential sector does not 
have a measureable output which contributes to GDP.  In Agnolucci et al. (2009), the 
identity is adapted and extended (see Equation 4.2 below) for a decomposition 
analysis of all service sectors in the UK economy to provide a better context for 
examining emission changes.   
 
 CO2     ≡     CO2   x   E     x   ES   x   GDP    x     POP     
                                                    E          ES       GDP     POP 
 
 
Where ES is energy services.  
In the extended identity, the E/ES ratio represents the energy intensity of energy 
services with the inverse of the ratio, ES/E, representing a measure of technical 
efficiency (Ekins and Barker, 2001).  This ratio can be used as the definition of 
energy efficiency providing a framework for the DEA: energy services (ES) are the 
outputs householders receive from the conversion of resource inputs (E).  There are 
five energy services householders receive from consuming energy in their homes: 
heating, hot water, lighting, cooking and use of electrical appliances.  The DEA will 
measure how the sector has performed each year between 1970 and the present, in 
delivering these five energy services to householders. 
As discussed in section 4.3.2, DEA is a linear programming-based technique most 
often used to benchmark the performance of a population of organisations which 
share a common set of inputs and outputs, by providing a measure of relative 
efficiency for each organisation.  Another approach to DEA, taken in this study, is to 
focus the analysis on one organisation, or in this case the UK residential sector, and 
make multiple observations of its performance over a period of time. In this way the 
sector can be compared over a 40 year period, where there are 40 observations, and 
Carbon 
intensity of 
residential 
sector 
Technical, economic 
and demographic 
factors.  
Equation 4.2
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each observation is treated as the performance of an individual organisation. This 
approach will generate a set of efficiency scores which provide a measure of the 
sector’s performance over 40+ years.   
Often DEA studies focus on cross-sectional analysis of different organisations but 
methods exist to compare dynamic efficiency over a period of time, for instance, the 
Malmquist Index approach (Malmquist, 1953).  Ramanathan (2005) uses this 
approach to examine patterns of changes in efficiency of countries in the Middle East 
and North Africa in terms of their energy consumption and carbon dioxide emissions.  
In terms of the suggested time-series approach in this thesis, where one 
organisation is examined multiple times treating each year as a separate 
representative decision maker, examples are rare but do exist.  As an example, 
Burley (1980) applies DEA linear programming to the whole manufacturing sector in 
the US between 1947 and 1971 to measure productive efficiency.  More recently the 
same time-series approach is taken with the corresponding econometric technique, 
stochastic frontier analysis instead of DEA in an analysis of electric energy efficiency 
in Portuguese households (Weyman-Jones et al., 2015).   
Usually in DEA studies with time series data, the model is adjusted to allow for 
exogenous technical progress as the production technology of organisations 
improves over time (Bogetoft and Otto, 2011).  The key difference in this research is 
that the DEA methodology is used to measure this technological change directly by 
treating it as the endogenous focus of the analysis.  Instead of correcting the DEA 
results for the exogenous efficiency change, the DEA results are used to measure 
the change itself.  This concept is explored in detail in Chapter 6.   
4.3.4 Data requirements for the analysis 
As noted, most organisations will use multiple inputs to produce multiple outputs, but 
for companies or sectors with a production activity these can often be aggregated to 
a single measure of, for instance, costs for inputs and revenues for outputs.  In a 
decomposition analysis of different scenarios for achieving radical reduction in 
carbon emissions (Agnolucci et al., 2009)  the energy intensity of energy services, 
E/ES, term is referred to as activity level (AL) for the residential sector.  In the 
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analysis, consumer expenditure on energy is used as an aggregate measure of 
activity level for the residential sector.   
The main benefit of using DEA is that it recognises that an aggregate measure of 
outputs or inputs may not support a multiple dimensional description of how an 
organisation behaves to convert inputs to outputs (Bogetoft and Otto, p13, 2010).  In 
the DEA method it is recognised that there may be interactions between multiple 
inputs and outputs, and these can be incorporated into the performance measure 
produced to give a more detailed picture of an organisation’s behaviour.  In the UK 
residential sector there are five different energy services so a method which can 
recognise and incorporate more than one output measure is very helpful in terms of 
measuring the efficiency of the sector.   
In Chapter 5 of this study an investigation of data sets related to UK residential 
sector energy demand, energy service demand and related emissions will identify 
suitable measures of inputs and outputs which can be used in the DEA approach 
suggested here.  The sources of data for housing energy use and CO2 emissions 
from housing energy have been briefly discussed in Chapter 2. The UK Housing 
Energy Fact File (DECC, 2014c) and the UK Greenhouse Gas Inventory (DECC, 
2013d), both produced for DECC, present energy consumption and emissions data 
that can be used in the analysis.  A greater challenge will lie in identifying suitable 
measures of energy service outputs for the five energy services in the sector.  The 
data sets chosen must be appropriate for generating a measure of whole sector 
energy efficiency which meets the requirements discussed earlier in this chapter.  In 
addition, the efficiency measure will be examined in a second stage of a two-stage 
analysis to investigate the influence of a range of influencing factors.   
4.4 Outcomes  
This chapter has discussed and identified a suitable approach for modelling UK 
residential sector energy use and emissions which will measure changing energy 
efficiency over time, and can be used to investigate the influence of a range of 
factors on sector behaviour in a two-stage analysis.  By examining previous analyses 
of the sector and considering some of the reasons why they do not address the 
research gap identified at the end of Chapter 2, the requirements for a new approach 
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have been identified.  Data envelopment analysis (DEA), a mathematical linear 
programing, operational research method for benchmarking performance has been 
proposed as a suitable new approach which can generate a measure of whole sector 
efficiency.   
The main benefit of using DEA to measure efficiency is that it does not require a 
single aggregate, economic measure of output such as household energy 
expenditure.  An issue identified with efficiency measures with aggregate economic 
outputs is that they lack explicitness in terms of describing technical and structural 
changes to the residential and energy supply sectors.  DEA allows multiple output 
measures to be combined in the analysis.  There are data constraints on performing 
whole sector analysis which have been discussed briefly in this chapter.  Identifying 
suitable measures of energy service outputs for the DEA will be a challenge and this 
is addressed in the following ‘Data Sources’ chapter and in Chapter 6 which 
describes the DEA modelling procedure in detail.   
Using DEA to model the energy efficiency of the UK residential sector will be the first 
stage of a two stage analysis.  In the second stage of the analysis, the efficiency 
measure will be used to investigate the influence of different factors, identified in 
Chapter 2, using regression analysis.  The influencing factors identified fell into 
different categories: economic and socio-economic factors which influence the level 
of energy service/comfort householders are motivated to achieve for a set level of 
energy and CO2 emissions; structural and technical factors which influence the level 
of energy and CO2 emissions required to meet a set level of energy services.  In 
addition, the external temperature has been identified as a factor which sets a basic 
requirement for energy use and related emissions whilst also influencing the service 
levels householders demand.  The second stage of the analysis will also consider 
policy impacts and the relationship with the other categories of influencing factors. 
Five research hypotheses are now proposed which can be tested through regression 
analysis of the efficiency measure generated by the DEA method.  The hypotheses 
are focussed on testing the influence of the key factors identified in the conclusions 
of the meta-review in Chapter 2, and are presented below.  The research aim and 
objectives presented at the end of Chapter 1 are reproduced here as a reminder.   
Research hypotheses: 
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(Economic) Variation in the fuel price has had an impact on the efficiency of energy 
service demand in the UK residential sector.  
(Socio-economic) Changes to UK household income and tenure have had an 
impact on the efficiency of energy service demand in the UK residential sector. 
(Technical) Uptake of: (a) more efficient boilers; (b) more efficient electrical 
appliances; (c) central heating d) loft and wall insulation has had an impact on the 
efficiency of energy service demand in the UK residential sector.   
(Structural) Changes to the energy supply sector have had an impact on the 
efficiency of energy service demand in the UK residential sector.   
(Policy) Changes to the building regulations and introduction of energy efficiency 
schemes have had an impact on the efficiency of energy service demand in the UK 
residential sector. 
Research aim: 
To examine how factors have influenced energy use and related emissions in the UK 
residential sector, and the potential implications for policy.    
Research objectives: 
1) Examine key factors that have influenced UK residential sector energy use and 
related emissions. 
2) Identify an appropriate approach for modelling sector energy use and emissions. 
3) Investigate and refine data to support analysis of the sector.   
4) Model the variation in energy use and emissions and analyse the influence of key 
factors in relation to the changing social, political and economic landscape of the 
sector.   
5) Consider the potential of different intervention types on future UK residential 
sector energy use and emissions reductions and make recommendations.   
The following chapter will explore the different data sources related to energy use 
and emissions in UK housing and will identify which can support a Data 
Envelopment Analysis of the historical, changing energy efficiency in the sector.  In 
addition, the chapter will consider what data can be used in the second stage of the 
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analysis to examine the influence of a wide range of economic, socio-economic, 
technical, structural and temperature factors on energy efficiency, as well as the 
impact of policy.  Identifying suitable data sources is essential prior to determining an 
appropriate and successful procedure for the innovative two stage DEA of the UK 
residential sector, presented in Chapter 6 of this thesis.   
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Chapter 5: Data Sources 
Chapter Highlights 
Energy and emissions end-use data methodologies; the availability of historical data 
on sector energy use; representing inputs and outputs in DEA; a variety of 
influencing factor data sets; data integrity and new research insights.  
5.1 Introduction 
In Chapter 4 a research method, Data Envelopment Analysis (DEA), was identified 
as a suitable and innovative approach to measure the efficiency of the UK residential 
sector between 1970 and the present.  In this research, the intention is to use the 
measure of efficiency obtained from DEA to assess the research hypotheses 
outlined at the end of Chapter 4, and determine whether technical, structural, climatic, 
socio-economic and policy factors have impacted on the behaviour of householders 
over the period.  To model the sector over a period of 40 years in this way, data are 
required which appropriately captures energy use in UK homes, related greenhouse 
gas emissions and the changing demand for energy services. The data should cover 
the whole UK housing sector, ideally between 1970 and the present.   
In this chapter, therefore, the focus of the research moves to objective 3, first 
presented in the introductory chapter of this thesis: 
‘Investigate and refine data to support analysis of the sector’.   
Chapter 4 outlined the data requirements for a DEA of the residential sector.  Three 
categories of data are required to support the analysis: data sets which are a 
suitable measure of the energy and emission inputs for UK housing; data which 
represents the level of demand for the five energy services identified in this study 
(heating, hot water, cooking, lighting and electrical appliances); data sets which 
describe changing technical, structural, socio-economic, climatic and policy trends 
over the period.  In the introduction in Chapter 1, a number of terms were defined 
regarding the UK residential sector and its geographical coverage, energy use within 
the sector, and the greenhouse gas emissions resulting from housing energy use.  
These definitions determine the boundaries of both the study and the data sets 
required for the analysis.   
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The next section of this chapter, section 5.2, will consider the sources of energy use 
and emissions data available in the UK and examine their methodologies and 
calculations.  Section 5.3 will explore the different sources of data available for the 
UK housing sector and in particular will discuss the UK Housing Energy Fact File, a 
DECC report which brings together many different sources of data.  The section will 
also identify additional data sets that describe how householders have used energy 
and energy services between 1970 and the present.  Section 5.3 will also identify 
other sources of data which represent the factors identified as influencing energy use 
and emissions in the meta-review in Chapter 2.   
The final part of the chapter will consider which of the available data sets can be 
used in a two-stage analysis of the sector using DEA.  Data sets are required which 
can represent either resource inputs or service outputs in the first stage analysis and 
describe technical, structural, socio-economic, climatic and policy trends over the 
period for the second stage analysis.  Section 5.4 will examine the different data sets 
for resource inputs, service outputs and influencing factors, prior to discussion of the 
DEA modelling procedure in chapter 6.     
5.2 UK energy and greenhouse gas emissions data 
5.2.1 Energy supply and demand data 
In order to determine the available and most suitable energy consumption data, as 
well as related emissions data, for the analysis, it is important to return to the 
definitions outlined in Chapter 1 of this study for ‘the UK residential sector’, ‘UK 
residential sector energy use’ and ‘UK residential sector energy related emissions’.  
The UK residential sector comprises approximately 27 million homes in England, 
Scotland, Wales and Northern Ireland.  Energy consumption in the sector is defined 
as ‘energy used in dwellings’, excluding energy used for private transportation and in 
residential establishments such as hotels, a definition first used in the Domestic 
Energy Fact File (Utley and Shorrock, 2008).  This end-use definition of energy 
consumption identifies five different energy services which have been discussed 
throughout the thesis: space heating, hot water heating, cooking, lighting and use of 
electrical appliances.  Energy related emissions are defined as all emissions 
associated with ‘energy used in dwelling’ to provide these five energy services.   
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In the UK, the Department of Energy and Climate Change (DECC) is responsible for 
collecting, collating and reporting energy consumption data.  DECC publishes the 
Digest of United Kingdom Energy Statistics (DUKES) (DECC, 2015d), which is 
updated on a yearly basis.  DUKES is a comprehensive source of energy information 
which has been published annually for over 60 years and provides a detailed picture 
of how energy is used and produced.  DUKES provides extensive tables, charts and 
commentary on energy use categorised by industry and sector, and broken down by 
fuel type: coal, petroleum, gas, electricity, renewable and combined heat and power 
(CHP).  Other publications produced by DECC and other organisations use the data 
in DUKES, with additional information from other sources to produce more in-depth 
reports for different UK economic sectors.   
One example of a more in-depth report is ‘Energy Consumption in the UK’ (DECC, 
2014a), an annual statistical publication which provides a comprehensive review of 
energy consumption and changes in efficiency, energy and carbon intensity and 
economic output (the key drivers identified by the Kaya identity discussed in Chapter 
2).  Though there is a focus on data since 2000, key data series date back to 1970.  
As well as a full review of UK energy consumption, data is disaggregated for 
transport, domestic, industrial and service sectors.  For the Domestic sector 
information is provided on the use of gas and electricity by households, the use of 
electricity by appliance type, and the influence of different factors on domestic 
energy consumption.  In recent years, more detailed information on energy use in 
housing has been included due to availability of the National Energy Efficiency Data 
framework.  The database collates sub-national energy consumption statistics and 
information on energy efficiency measures installed in homes, taken from the Homes 
Energy Efficiency Database (HEED). 
The United Kingdom Housing Energy Fact file (Palmer and Cooper, 2014), produced 
annually, and discussed in more detail in section 5.3.1, is another report produced 
for DECC which uses information from the Digest of United Kingdom Energy 
Statistics, as well as a number of other sources.  The fact file has existed in various 
forms since 1992 (Henderson, 1992) and was originally produced by the Building 
Research Establishment (BRE) as the Domestic Energy Fact File.  It gathers 
together important trends related to domestic energy use, with a focus on information 
regarding measures that have been taken to improve energy efficiency.   Data in the 
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fact file is associated with the housing stock and most data series start from 1970.  
Currently, the fact file covers the United Kingdom and is based on data collected by 
the English Housing Survey and its devolved equivalents, and produced for DECC 
by Cambridge Architectural Research and Loughborough University. 
Over the last 40 years and particularly in the last decade there has been a growth in 
the amount of data available relating to energy use in the residential sector.  Data 
sources pertaining to energy supply and demand have evolved over the years.  
Though the Digest of UK Energy Statistics still provides data on national energy 
trends, more detailed data describing how energy is used in homes and detailing 
improvements in energy efficiency linked to schemes such as Cert and Green Deal 
are available for recent years.  This increase in data is linked to the development of 
UK building stock models, discussed in Chapter 2 of this thesis, and the recognition 
that more detailed and appropriate data sets are required to understand the impact 
of different influencing factors and policies (Summerfield et al., 2011).  Modelled data 
sets, though more uncertain, allow for a more detailed understanding of how energy 
is used in homes as is discussed in section 5.2.3 of this chapter.  Reporting of 
energy statistics now includes energy end use data in addition to data categorised by 
supply or demand sectors.   
5.2.2 Greenhouse gas emission inventories 
In terms of the energy related emissions associated with energy use in the UK 
residential sector, there are separate sources of data to those available for ‘energy 
consumption’ data.  Though the energy publications discussed in the previous 
section often provide some information on emissions, the data is not comprehensive.  
In fact, the 2013 UK Housing Energy Fact File has reduced its content on CO2 
emissions in the sector in comparison with previous years, and in the 2013 version 
data on CO2 emissions from housing energy only dates back to 1990 instead of 1970.  
In the UK, DECC reports on energy related emission statistics are linked to the UK’s 
progress towards meeting emission reduction targets.  Emission statistics are 
compiled for DECC by the UK National Atmospheric Emissions Inventory (NAEI) and 
Ricardo AEA in annual reports.  The most recent report of the final figures for 
greenhouse gas emissions statistics from 2013 was released in February 2015 
(DECC, 2015c).    
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As discussed in Chapter 1, both energy consumption and related emissions data for 
the UK residential sector can be reported in two ways: by source or by end use, 
excluding or including the contribution from electricity used in homes.  In terms of 
national reporting of greenhouse gas emissions to the EU and the United Nations 
Framework Convention on Climate Change (UNFCCC), statistics are reported by 
‘communication sector’ on a by-source basis (Thomas et al., 2011).  Emissions are 
assigned to the sector where the fuel is combusted so only those from combustion of 
fuels for heating and cooking are included for the residential sector and emissions 
from electricity use are assigned to power stations in the energy supply sector.  An 
alternative approach in taken in ‘end user’ Greenhouse Gas inventory report 
estimates for DECC, where emissions are assigned to the final user of the energy.  
‘End user’ statistics are reported alongside ‘by-source’ statistics in DECC reports 
though there is a greater time lag on producing estimates.  The 2013 final figures 
include end-user emission estimates up to 2011 only (DECC, 2013d).   
There is greater uncertainty when reporting emissions on an end-use basis in 
comparison with by-source inventories, due to the assumptions made (Abbott et al., 
2009).  This is largely because there is limited data availability on electricity 
generation and consumption trends, especially at the devolved authority-level, and 
consequently surrogate data is used in some instances.  Estimates of end user 
emissions must assign emissions from the production of electricity to the different 
sectors supplied with electricity.  The end-user inventory model must estimate 
electricity consumption for different sectors and then apply an ‘emissions factor’ to 
the estimation.  A UK-wide emissions factor for power generation is applied to the 
electricity consumption data and the emissions factor of electricity is dependent on 
the changing fuel mix for electricity generation.  Emission factors are reported as the 
amount in grammes of CO2 (or CO2 equivalent if other greenhouse gases are 
released) associated with one kWh of electricity produced (g/kWh CO2e).  Fuel use 
data from the Digest of UK energy statistics (DUKES) informs the Greenhouse Gas 
Inventory’s emission statistics (DECC, 2013d).   
As discussed, the NAIE inventories report emission statistics for all greenhouse 
gases recognised under the Kyoto protocol: the six main ones are Carbon dioxide 
(CO2), Methane (CH4), Nitrous oxide (N2O), Hydrofluorocarbons (HFCs), 
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Perfluorocarbons (PFCs) and Sulphur hexafluoride (SF6) (DECC, 2015c).  In the 
residential sector, as in other sectors, carbon dioxide emissions from energy use are 
the predominate contributor to emissions and hence, selection of a suitable data set 
to use in a DEA will focus on carbon emission statistics.    
A final point on emissions statistics is that there are other sources available which 
use different methodologies to estimate emissions.  A report by DECC on alternative 
approaches to reporting UK greenhouse gas emissions identifies the NAEI/Ricardo 
AEA inventory reports as the official source of statistics used by DECC (DECC, 
2015e).  In addition, the Office for National Statistics (ONS) report greenhouse 
emission statistics as part of its UK environmental accounts in reports published 
annually in June.  The ONS emission statistics rely on data from the UK greenhouse 
gas inventories but their approach focuses on who is responsible for emissions 
rather than where they were produced. Statistics are reported on a UK “residency” 
basis, and therefore include emissions from UK residents while they are in other 
countries and exclude emissions caused by foreign visitors.  A third source of 
greenhouse gas emission statistics includes emissions ‘embedded’ in the goods and 
services which imported to and exported from the UK and captures the UK’s carbon 
footprint. This type of consumption based estimation of emissions is considerably 
more challenging and inherently more uncertain.    
Of these three sources of emissions statistics, there is little advantage in using either 
the ONS environmental accounts or embedded emission statistics.  The focus of the 
research is on the effects of policy related to energy use in homes.  UK policy has no 
effect on emissions produced by UK visitors abroad and the ONS statistics fall 
outside of the geographical range of the research defined in chapter 1 of the thesis.  
The same is true for consumption based emissions statistics.  In light of this, it would 
be best to use the NAEI/Ricardo AEA official statistics produced for DECC in the 
analysis as these fit within the geographical bounds of the research and focus on 
energy related emissions for the UK residential sector.  Therefore, the UK 
Greenhouse Gas Inventory will be used as the source of carbon emissions data In 
the Data Envelopment Analysis of the UK residential sector.  
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5.2.3 End-user energy and emissions data 
In identifying the most appropriate data sources to use for a quantitative analysis of 
energy use and emissions in the UK residential sector, there are different data sets, 
compiled by different bodies, with varying methodologies, which have to be 
considered.  As discussed, reporting emissions on an end-user basis increases the 
uncertainty of the estimates but provides a more comprehensive data set for the 
analysis.  The UK Housing Energy Fact File reports uncertainties in their estimates 
of final household energy use.  Data disaggregated by energy end-use (space 
heating, hot water, cooking, lighting and appliances) is modelled data and has a 
higher degree of uncertainty than whole sector estimates (Palmer and Cooper, 2014).   
The need for ‘accurate, consistent, complete’ data sets for UK Greenhouse Gas 
inventories has been recognised by DECC in the past.  In a report identifying and 
assessing energy datasets to improve UK GHG inventories (DECC, 2012c), no 
single source could be identified as meeting the criteria of accurate, consistent and 
complete, which could be used to improve future emission estimates for the 
residential sector.  Investment and development of sub-national energy and 
emissions datasets for the sector was recommended.  Since the report was 
published, the Cambridge Housing Model (CHM) (developed by Cambridge 
Architectural Research) (Hughes and Palmer, 2012) has been selected to model 
housing energy for DECC and their research underpins the 2012 and 2013 United 
Kingdom Housing Energy Fact Files, discussed in more detail in the next section of 
this chapter .   
As mentioned in the introductory chapter of this thesis and the preceding section, 
there is an historical precedent for reporting energy and emission statistics on a 
supply and demand sector basis.  However, a thorough analysis of influencing 
factors, and the relationships with energy use and emissions, will be challenging if 
supply side energy and emissions are not included for the UK residential sector.  In 
inventory reports it is recognised that end user GHG inventories enable better 
interrogation of the impacts of energy efficiency policies upon both primary and 
secondary (direct and indirect) fuel use within the UK and Devolved Authorities 
(Abbott et al., 2009).   
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In the research, energy related emissions refers to emissions related to energy used 
for five energy services: space heating, hot water heating, cooking, lighting and 
appliances.  The initial justification for this definition was that a comprehensive 
analysis of the sector should examine all energy end-use related emissions.  An 
additional consideration is that though the majority of housing energy (approximately 
two thirds) is used for space heating (Palmer and Cooper, 2014) electrical energy 
use in households for lighting and appliances is significant and is increasing year on 
year.  Further to this, the electricity consumption contribution to total UK GHG 
emissions is even more significant due to the higher emissions factor associated with 
electricity generation in comparison with natural gas used for the majority of space 
heating.  Though there is increased uncertainty associated with estimates of final 
housing energy use and related emissions in comparison with ‘by-source’ data an 
analysis of the sector should utilise ‘end-use’ data, where available, to ensure a 
more complete analysis of the sector.    
Despite the greater uncertainty of emission statistics reported on an end-use basis 
there are obvious advantages to using final end-user data in an analysis which is 
considering all energy end-uses in the residential sector which outweigh the 
disadvantages.  As discussed, emissions from electricity consumption in homes are 
a significant contributor to total emissions from housing.  An analysis which included 
energy demand related emissions statistics only would be ignoring this contribution. 
Though the UK Housing Energy Fact File only includes CO2 emissions from housing 
energy data since 1990, the Greenhouse Gas Inventory reports from NAEI provide 
end-use emissions statistics for the residential sector dating back to 1970.   
Investigation of the available data has identified available data sets which can be 
used in a data envelopment analysis of the UK residential sector.  The final end-user 
energy and CO2 emission data sources discussed in section 5.2 will be used in the 
analysis despite the increased uncertainty in estimates for the reasons outlined 
above: they allow for a whole sector analysis rather than an analysis focussed on 
space heating only and include the increasingly significant contribution of electrical 
appliance use to sector carbon emissions. 
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5.3 UK housing energy data  
5.3.1 The UK Housing Energy Fact File  
There is increasing availability of data related to UK housing energy, some of which 
can be used in a two stage analysis of Housing energy efficiency. The UK Housing 
Energy Fact File is perhaps the main source of time-series data for the sector.  The 
Fact File is a comprehensive report which draws together important data from a 
number of sources as well as providing modelled data on how energy is used in 
homes.  As previously mentioned, the fact file in its current form is underpinned by 
data from the Cambridge Housing Model.  The Department of Energy and Climate 
Change states that ‘the model uses information from the 2009 English Housing 
Survey, coupled to a SAP-based energy calculator, to estimate energy use and CO2 
emissions for all homes in England, broken down by final use’ (DECC, 2015f).  
Previous versions of the fact file were for the Great Britain rather than the United 
Kingdom and the current version has evolved from the Domestic Energy Fact File 
produced by the Building Research Establishment (BRE) (e.g. Utley and Shorrock 
2008).  It is expected that the 2013 edition of the fact file will be the last in its present 
form.  Subsequent editions will be condensed versions (Palmer and Cooper, 2014).   
There is a wide range of data available in the 2013 edition of the Housing Energy 
Fact File, a large proportion of which is time-series data dating back to 1970.  As well 
as data pertaining to energy use, disaggregated by fuel type (from DUKES) and final 
energy use, there is information about the UK housing stock in terms of population, 
housing type, age, region and tenure.  Data sets regarding the housing stock are 
compiled from English Housing Survey (EHS) (and previously the English Housing 
Condition Survey (EHCS)) and GfK (a market research company) Home Audit data, 
commissioned by the Department of Communities and Local Government (DCLG).  
There is also data in the fact file linked to recognised drivers of household energy 
consumption and related emissions such as energy price data  taken from the Digest 
of UK energy statistics (DUKES) and DECC Quarterly Energy Prices tables.  Other 
data sets in the fact file give information on household expenditure on electricity and 
gas.   
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Further data sets in the fact file provide information on take-up and installation of 
different measures such as central heating, new boiler replacements (combi, 
condensing, and combi-condensing boilers), cavity wall insulation and loft insulation.  
There is also information related to more recent efficiency improvements, for 
example solid wall insulation, and take-up of measures under specific schemes such 
as Energy Efficiency Commitments 1 and 2 (EEC1 and EEC2), and the Carbon 
Emissions Reduction Target (CERT).  In addition there is information pertaining to 
renewable technologies installed on homes since 2008 and installed under the feed-
in-tariff (FIT) scheme since 2010.  A majority of the information on installation of 
efficiency measures is taken from the EHS and EHCS.   Further information on 
installations due to particular schemes is taken from reports such as the ofgem E-
Serve final report on the Carbon Emissions Reduction Target (CERT) scheme 
(ofgem, 2013).  Data on feed-in-tariff installations is taken from the ofgem 
Renewables and CHP (combined heat and power) register (ofgem, 2015b).   
In addition to the data relating to aspects of the building stock, the UK housing 
Energy Fact File also provides information on how energy is used in homes.  For 
example, there is a data for the average internal winter temperatures (October to 
March) for both centrally heated and non-centrally heated households between 1970 
and 2011.  The internal temperature data has been modelled by CHM and 
BREHOMES.  There is also data on the varying proportion of centrally heated homes 
over the same period and whether they are solid fuel, gas, oil or electric central 
heating, as well as information on non-centrally heated homes.   
The quantity and variety of different data sets in the UK Housing Energy Fact File 
make it is a useful source for an analysis of UK residential sector energy efficiency 
using DEA.  The Fact File amalgamates data from a variety of sources, some of 
which are discussed in more detail in the following sections of this chapter.  In 
addition, further examination of the sources of data in the Fact File identifies 
additional and complementary data sets that can be used in the analysis.  Data sets 
in the Housing Energy Fact File related to energy use in homes will be used in the 
Data Envelopment Analysis presented in this thesis.   
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5.3.2 Household survey data 
As can be seen from the discussion in the previous section, the English Housing 
Survey (EHS) is a key source of housing stock data used by the UK Housing Energy 
Fact File.  The EHS was created by merging the English House Condition Survey 
(EHCS) with the survey of English housing in 2008 and is produced for the 
Department of Communities and Local Government (DCLG) to support housing 
policy decisions.  Survey data is collected through interviews with householders 
(approximately 13,300) and physical inspections of a sample of houses 
(approximately 6,200) (DCLG, 2015).   
The findings of the EHS are reported annually in two chapters.  The first focuses on 
information related to the profile of households in terms of tenure and the 
demographic and economic characteristics of households.  The second chapter 
reports information related to the housing stock such as age, size, energy efficiency 
and whether they are affected by damp and mould (DCLG, 2015).  Prior to the 
amalgamation of the EHCS with the survey of English housing, information of the 
condition and efficiency of the housing stock was reported in the EHCS.   
The most recent English Housing Survey for 2013 to 2014, published in February 
2015 (DCLG, 2015) provides detailed information on current trends.  Much of the 
information in section 2, the ‘housing stock’ section is reproduced in the UK Housing 
Energy Fact File, updated on a yearly basis.  Section 1, ‘households’, provides a 
large amount of data covering different areas, such as tenure trends, rent level 
comparisons, numbers of housing claiming housing benefit or having mortgage 
difficulties, length of residencies, overcrowding and under occupation, and well-being.  
The scope of the survey has increased over the last few decades, increasing its 
usefulness as a source for current and future analysis of the changing influence of 
different factors on housing energy use.   
In addition to its use by the UK Housing Energy Fact File, data from the EHS/EHCS 
also underpins different bottom-up building stock models discussed in Chapter 2, 
providing baseline-year data for model estimations of energy use in homes.  The 
Building Research Establishment have been involved in methodological 
development, data collection, and analysis and reporting for the EHCS and EHS 
since the survey began in 1967 (BRE, 2015).  The BRE domestic energy model 
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(BREDEM) uses data from the housing survey for its calculation of energy use and 
emissions for the domestic sector, as do all other UK building stock models identified 
in Chapter 2.  Though the building stock models use baseline year data from the 
EHS, models such as BREDEM and CHM estimate changes in household energy 
use going back to 1970.  The English Housing Survey (and previously the EHCS) 
are important sources of data for better understanding the Housing sector through 
survey results and subsequent modelling.          
5.3.3 Other data sources 
The main aim of reviewing relevant data sets related to household energy use and 
related emissions is to identify different sources which can be used in an analysis of 
the UK residential sector.  Data sets are required that can represent the energy and 
emissions inputs and energy service outputs in a data envelopment analysis, and 
additionally data sets are needed which represent the influencing factors identified in 
Chapter 2 of the thesis.  As discussed, energy and emissions data are available in 
annual Greenhouse Gas Inventory reports and the UK housing Energy Fact File.  
There is also some data pertaining to energy use in homes in the Fact File for the 
different energy service end-uses identified in the research, in particular for space 
heating, where information is presented relating to central heating numbers and 
internal temperatures achieved in homes.  In terms of the economic, socio-economic, 
technical, structural and temperature related influencing factors identified in the 
meta-review, there is information in the Fact File describing historical technical 
efficiency improvement, energy price changes, average household size in terms of 
number of households and external temperatures.  Additional information is needed 
which describes how the energy supply industry has changed in terms of the 
emissions factor of the electrical supply.   
In addition to the already discussed UK Housing Energy Fact File, the annual Energy 
Consumption in the UK report and data tables presents much of the same 
information as the Fact File with some additional data relating to household energy 
end-uses and household economic characteristics.  In particular, there is 
disaggregated data for electrical appliance ownership levels and energy 
consumption, offering more detail than the Fact File (DECC, 2014a).  Data on 
electrical appliances comes from the Market Transformation Programme (MTP) 
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managed by the Department for Environment, Food and Rural Affairs (DEFRA) 
through a consortium of contractors such as AEA Technology and the Building 
Research Establishment (BRE).  The Energy Consumption in the UK report is an 
additional source of information on electrical appliance use between 1970 and the 
present and provides additional sources of information for the two-stage analysis 
described in Chapter 6.   
The Market Transformation Programme (MTP) aims to develop ‘evidence for 
government & business on energy using products’ and provides information on 
electrical appliance use.  In addition to the modelled data on electrical appliance 
numbers presented in the Energy Consumption in the UK report it also provides 
estimates of emission factors for different fuels used in the housing sector.  The 
emission factor for electricity is the most significant because it changes over time 
depending on the fuel supply for electricity generation in the UK.  How the emission 
factor of electricity has changed over time is linked to changes in the UK electricity 
supply industry.  For instance, a reduction in the carbon intensity and emissions 
factor of electricity generation occurred as a result of the switch to gas from coal in 
the ‘dash for gas’ in the 1990s, as previously discussed in this thesis.  MTP provides 
estimates for the changing emission factor of electricity which can be used in an 
analysis of the housing sector. 
In terms of economic characteristics, Energy Consumption in the UK reports 
household disposable income data from 1970 to the present.  The data is taken from 
the Office of National Statistics (ONS) UK Economic Accounts.  Examination of the 
comprehensive data tables for the UK Economic Accounts identifies that there are a 
number of different data sets related to UK household income.  Average income is 
reported for the whole UK or on a per capita basis.    
As can be seen, further data are available related to energy use in the UK residential 
sector, on top of the numerous data sets provided in the UK Housing Energy Fact 
File, which will be used in the two-stage analysis of the UK residential sector, where 
appropriate.  Section 4 of this Chapter will examine these different data sets in the 
context of using them for a two-stage data envelopment analysis of energy efficiency 
in the housing sector between 1970 and the present.   Though numerous data sets 
can be identified for the analysis there is certainly a wide range of different types of 
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data sets available, such as data modelled using building stock models and survey 
data from the English Housing survey.  Determining the most suitable and 
appropriate data to use for the analysis will be challenging in light of this variety.   
5.3.4 Data availability and modelled data sets 
Though the wide range of data provided by the UK Housing Energy Fact File is 
undoubtedly useful for researchers and policy makers, it has to be recognised that a 
large proportion of the data are modelled data and hence subject to a higher degree 
of uncertainty than other data sources. This was an issue recognised in the 
discussion of the use of end-user energy and emissions data in section 5.2.3 of this 
chapter.  Limited data availability has been recognised as an issue in accurately 
assessing the impact of different policies in Summerfield et al. (2010).  The UK 
Housing Energy Fact File also recognises the need for more robust data collection 
and information in certain areas to aid research and policy design (Palmer and 
Cooper, 2014 p. 84-85).  These areas are:  
• ‘unregulated’ energy use, not covered by the Building Regulations, for 
appliances and cooking;  
• installation and energy use data from renewable heating systems;  
• the variation between energy consumption levels in different households in 
identical homes;  
• the effects of ‘smart meters’ and other feedback mechanisms on energy use 
behaviour;  
• heating levels and temperatures achieved in homes; 
• how price elasticity of demand varies between income groups  
• evidence of direct rebound effects where energy efficiency improvements are 
‘taken back’ in increased comfort rather than savings on energy bills.  
In terms of an historical analysis of energy efficiency in the UK housing sector, there 
is obviously no possibility of finding new primary sources of historical data.  What 
data there is already exists, and any additions will be due to new modelling methods.  
Therefore there is an argument for accepting the use of modelled data sets in the 
two-stage analysis presented in this thesis, with the understanding that the analysis 
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will be examining the existing data for the Housing sector as well as the Housing 
sector itself.   
Though using a variety of data sources and including modelled data creates a higher 
degree of uncertainty in the results, it presents an opportunity to analyse the data 
presented in the UK Housing Energy fact File and add to the areas of missing data 
outlined in the list above.  The analysis can consider whether, in terms of the data 
presented in the UK housing energy fact file, there is evidence of a rebound effect in 
the UK residential sector.  It can also be used to consider whether changing income 
and tenure trends may have had an impact on the efficiency performance of the 
sector between 1970 and the present.   
The Department of Energy and Climate Change has already recognised the need for 
more data relating to housing energy use and disaggregated by different building 
stock characteristics and geographically by different regions/towns/cities.  The 
Homes Energy Efficiency Database (HEED), managed by the Energy Saving Trust, 
records data on energy efficiency installations in the UK housing stock at various 
sub-national levels (EST, 2015c).  The information from HEED is used in the 
National Energy Efficiency Data-framework (NEED) set up by DECC to gain greater 
understanding of energy use and energy efficiency in UK buildings (DECC, 2015g). 
There is a growing resource of cross-sectional data for the UK residential sector 
which will facilitate future analysis of the impact of different influencing factors and 
policies on energy use by researchers and policy-makers.   
In terms of analysing the historical changes in the sector it seems pertinent to use 
the data that is available, in a new way using Data Envelopment Analysis, to provide 
additional insight in to the effect of policies in the past.  In addition to final end-user 
energy and emissions data sets, discussed in section 5.2, data sets related to 
energy use in the sector from the variety of sources discussed in section 5.3 will be 
used in the analysis.  The following section will identifying the appropriate data sets 
to use in different stages of the DEA.   
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5.4 Data sets for a Data Envelopment Analysis (DEA)  
5.4.1 Inputs data sets 
Chapter 4 outlined how Data Envelopment Analysis (DEA) can be used to 
investigate the performance of the UK residential sector between 1970 and the 
present, in terms of how efficiently householders achieve energy services in their 
homes. A  detailed procedure for the analysis is described in Chapter 6 of this thesis, 
but initial discussion in Chapter 4 identified the need for data sets which represent 
energy use and related emissions inputs.  Additional data sets are required to 
represent the five energy service outputs in the sector: space heating, hot water, 
cooking, lighting and appliance use.   
The previous section of this chapter discussed the different methodologies for 
reporting energy use and emissions data in the residential sector and identified that 
for this research it is appropriate to use ‘end-user’ estimates of both.  This agrees 
with the definitions which determine the boundaries of the research, outlined in the 
introductory chapter.  Additionally, using ‘end-user’ data allows for a comprehensive 
analysis of all energy use in the sector, including the use of electrical appliances and 
lighting, rather than focussing on space heating and hot water only.   
The UK Housing Energy Fact File presents data on domestic energy consumption on 
a final energy use basis (Table 2a, United Kingdom Housing Energy Fact file, 2013: 
Tables (DECC, 2014c)).  Data is reported from 1970 to 2012 for the UK in terawatt 
hours (TWh).  The data is taken from Table 1.1.5, Energy consumption by final user 
(energy supplied basis), in the Digest of UK Energy Statistics (DUKES) (DECC, 
2015d) and includes electricity use in the sector.  In the Fact File the data has been 
converted from tonnes of oil equivalent (toe) to TWh.   
The UK Housing Energy Fact File also reports CO2 emissions from housing energy, 
on a final energy use basis, between 1990 and 2011, with data taken from UK 
Greenhouse Gas Inventories discussed in the previous section.  The timescale of the 
data means that to use it in the analysis would substantially reduce the number of 
observations of UK Housing energy efficiency obtained through data envelopment 
analysis.  This would make subsequent multiple regression of the performance 
measure in the second-stage of the analysis more challenging.  Reporting of national 
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greenhouse gas emissions only started in the 1990s following the United Nations 
Framework Convention on Climate Change (UNFCCC) and the Kyoto protocol.   
There are estimates of CO2 emissions from Housing Energy which predate 1990 in 
UK Greenhouse Gas Inventory reports produced by the National Atmospheric 
Emissions Inventory (NAEI) and Ricardo AEA.  Data tables are published in 
conjunction with annual statistical releases of final greenhouse gas figures: Table 4: 
Estimated emissions of carbon dioxide (CO2) by National Communication source 
category, type of fuel & end user category (DECC, 2013d).  The CO2 emissions data 
is estimated using historical energy use data from DUKES and UK specific emission 
factors.  CO2 emissions are calculated by multiplying activity by the emissions factors 
for different fuels.  
It is possible that there is greater uncertainty in emission estimations which have 
been calculated retrospectively.  There is already a higher degree of uncertainty 
when assigning emissions to energy consumption on an ‘end-user’ basis, but 
additionally, the emission factors used have also been calculated retrospectively.  
Nevertheless, using the estimated CO2 emissions data for 1970 to 2011, provided in 
the UK Greenhouse Gas Inventories will allow for a broader historical analysis of the 
sector, and therefore should be considered. 
Input Description Source Time period Other
Energy
Final energy use 
from UK housing 
(TWh)
UK housing energy fact 
file 2013. Table 2a: from 
DUKES, table 1.1.5 & 
ONS regional accounts.
1970 - 2012
Data converted from 
thousand tonnes of 
oil equivalent to TWh 
Emissions
Estimated 
emissions of carbon 
dioxide emissions 
(CO2) by end-user 
category (MtCO2e)
2011 UK greenhouse 
gas emissions: final 
figures. Inventory tables: 
Table 4.
1970 - 2011
Data for UK and 
Crown 
Dependencies.  
Residential sector - 
combustion.  
Table 5.1: Input data sources for a two stage analysis. 
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An examination of data sources related to household energy use and emissions 
highlights that resource ‘inputs’ for a DEA of UK housing can be adequately 
represent with the available end-user data sources, discussed in this section.  Table 
5.1 below, summarises the main characteristics of these data sources.  
5.4.2 Outputs data sets 
As previously mentioned, in addition to the requirement for energy and emissions 
data to represent ‘inputs’ in the DEA of the UK residential sector, data sets are also 
required which can represent energy service ‘outputs’.  As discussed throughout the 
thesis, five energy services in the residential sector have been identified which are 
space heating, hot water, cooking, lighting and electrical appliance use.  In the DEA 
stage of the two stage analysis data sets are required which represent all these 
energy services.   
The UK Housing Energy Fact File has a large body of data on energy use in the 
sector, with the Energy Consumption in the UK report providing some additional data, 
not included in the fact file, related to historical use of electrical appliances.  A 
recognised challenge of Data Envelopment Analysis, discussed in greater detail in 
Chapter 6, is identifying the measures of the ‘outputs’ delivered by the organisations, 
sectors or countries under investigation (Ramanathan, 2003).  In a DEA of the UK 
residential sector, as a general definition, the ‘outputs’ are the energy services 
householders demand in their homes.  The resource ‘inputs’ are usually easier to 
define as they are a particular cost that the organisation would like to use more 
efficiently.  As DEA is used to compare organisations where there is not one 
aggregate measure of ‘output’ (for example, GDP if countries are the subject of the 
DEA), identifying the services the organisation delivers and measures of those 
services is difficult. 
In the case of the five energy services identified for the UK residential sector, there is 
some discussion of measuring service levels in studies examined in the meta-review 
in Chapter 2.  For instance, number of houses with central heating is used as a 
measure of increasing service level in the UK housing sector in a decomposition 
analysis of efficiency improvements by Shorrock (2003). Agnolucci et al. (2009) use 
consumer expenditure as a measure of ‘activity level’ (a term to describe energy 
service demand) in the sector.  Data related to the increasing (or decreasing) use of 
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appliances or energy systems over time is a possible starting point for identifying 
service ‘output’ measures for a data envelopment analysis.  Grösche (2009) uses 
appliance numbers in cross-sectional DEA of US household energy efficiency 
improvements  
When referring to the possibility of direct rebound effects in the UK Housing sector, 
the impact of householders using efficiency savings to increase comfort levels is 
discussed (Sorrell, 2007).  The service ‘outputs’ for a data envelopment analysis of 
the residential sector could be represented by data sets that measure comfort levels 
in homes.  One possibility is the heating temperature in homes in the winter.  The UK 
Housing Energy Fact File presents data for the average internal winter temperature 
for October, November, December, January, February and March from 1970 to 2011.  
The data has been modelled by the Building Research Establishment Model for 
Energy Studies (BREHOMES) from 1970 to 2008 and the Cambridge Housing Model 
from 2008 to 2011.  
For UK Housing, some of the data sets which could represent the level of energy 
services achieved by the sector are directly influenced by population.  Therefore, a 
final consideration when identifying suitable output measures for the Data 
Envelopment Analysis is to include a measure of year to year population growth in 
the UK.  Population and number of households data is provided in both the UK 
Housing Energy Fact File and the Energy Consumption in the UK report. The data is 
collated from Office of National Statistics (ONS) population figures and Department 
of Communities and Local Government (DCLG) household survey statistics.     
Looking at the variety of data sources associated with Housing energy a number of 
data sets can be identified in the UK Housing Energy Fact File, as well as the Energy 
Consumption in the UK report, that could possibly represent energy service ‘outputs’ 
in the analysis.  These data sets and their characteristics are summarised in Table 
5.2.  Chapter 6 will describe the procedure for a DEA of the sector in detail and 
selects and justifies the use of data sets as measures of energy service levels in the 
sector between 1970 and the present.  In addition, initial, exploratory modelling of 
the sector using the DEA method will identify the most appropriate data sets to use 
to estimate the efficiency of the UK residential sector. 
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Table 5.2: Output data sources for two-stage analysis 
 
Output Description Source Time period Other
Space heating
Average internal 
winter temperature 
(°C)
UK housing energy fact 
file 2013. Table 6o: from 
BRE Housing Model for 
Energy Studies, CHM 
and DUKES table 1.1.8  
1970 - 2011
Data modelled by Building 
Research Establishment 
(1970 - 2008) and 
Cambridge Housing Model 
(2009 - 2011).  Average for 
October, November, 
December, January, 
February and March.  
Space heating
Number of UK 
dwellings with 
central heating 
(millions)
UK housing energy fact 
file 2013. Table 6a: from 
GfK Home Audit/CLG*: 
EHCS and EHS 
1970 - 2011
Data compiled by GfK 
Home Audit using English 
House Condition Survey 
and English Housing 
Survey data.  
Hot water UK population 
(thousands)
UK housing energy fact 
file 2013. Table 4a: from 
CLG* Live Table 401 and 
ONS
1970 - 2012
CLG Live Table is 
periodically updated.  
ONS data - General 
Register Office for 
Scotland
Cooking
Number of cooking 
appliances owned 
by UK households 
(thousands)
Energy consumption in 
the UK data Tables 
2013. Table 3.11: 
modelled by the Market 
Transformation 
Programme
1970 - 2011
Cooking appliances: 
Electric Ovens & Hobs, 
Microwaves and Kettles.  
2009, 2010 and 2011 data 
are projections.  
Lighting
Number of lightbulbs 
owned by UK 
households 
(thousands). 
Energy consumption in 
the UK data Tables 
2013. Table 3.11: 
modelled by the Market 
transformation 
Programme
1970 - 2011
Lighting: Standard Light 
Bulbs, Halogen, 
Fluorescent Strip Lighting, 
Energy Saving Lightbulbs 
and LEDs. 
Electrical 
appliances
Number of cold, wet, 
consumer 
electronics and 
home computing 
appliances in UK 
homes (thousands).                     
Energy consumption in 
the UK data Tables 
2013. Table 3.11: 
modelled by the Market 
transformation 
Programme
1970 - 2011
Cold: Fridges, Freezers 
and Fridge/freezers.  Wet: 
Washing Machines, 
Washer Dryers, 
Dishwashers & Tumble 
Dryers.  Consumer 
Electronics: TVs, Set Top 
Box, DVDs/VCRs, Games 
Consoles, Power Supply 
Units.  Home Computing: 
Desktops, Laptops, 
monitors, Printers, Multi-
function devices.
* CLG Department for Communities and Local 
Government
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5.4.3 Influencing factors 
The final category of data set needed for the two stage analysis are those which 
represent the key influences of energy use and emission in UK housing outlined in 
Chapter 2 of this thesis.  As previously discussed, influencing factors fall in to two 
broad categories.  Factors which influence the level of energy service householders 
achieve in their homes and factors which influence the level of energy and related 
emissions required to achieve a certain level of energy service.  These categories 
can be further divided.  Economic and socio-economic factors, such as the price of 
energy and household energy influence the level of energy service demanded by 
householders, as does the changing external temperature.  Technical changes to 
households and energy systems used within, as well as changes to the structure of 
the energy supply industry and the UK housing sector affect the amount of energy 
and related CO2 emissions required to meet a set level of energy service demand.    
As discussed in this chapter, there are various data sets in the UK Housing Energy 
Fact File and other associated statistical reports from DECC, the Department for 
Communities and Local Government (DCLG) and the Office for National Statistics 
which can be used in the second-stage regression analysis.  The different types of 
influencing factors were identified in chapter 2.  In terms of the research hypotheses 
set out at the end of Chapter 4, the main influencing factors to consider in the 
analysis are as follows:  
• variation in fuel price (Economic);  
• changes to household income and tenure (Socio-economic);  
• uptake of more efficient boilers, more efficient electrical appliances, central 
heating, and various types of insulation (Technical);  
• changes to the energy supply sector (Structural);  
• changes to the building regulations an introduction of energy efficiency 
schemes (Policy).   
In the second stage of the analysis, the aim is to test the relationship between the 
influencing factors identified and the performance measure(s) obtained using Data 
Envelopment analysis in the first stage of the analysis.  The DEA performance 
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measure(s) will be the dependent variable in a regression analysis, with the 
independent variables the influencing factors outlined.   
As previously discussed in section 5.3.3, electricity and gas price data sets, and 
tenure trends are available in the UK Housing Energy Fact File (DECC, 2014c).  
Income data is available from the ONS UK Economic Accounts.  Information on the 
number of houses which have been built is available from the Department for 
Communities and Local Government Live Tables (DCLG, 2015b). Changes to the 
energy supply sector are partially explained by considering changes to the carbon 
intensity, and hence emission factor, of electricity supplied to homes.  Data on 
emission factors is available from a number of sources though the Market 
Transformation Programme/Department for Environment Food and Rural Affairs 
(DEFRA) report emission factors dating back to 1970 (DEFRA,2010). The UK Fact 
File has a number of data sets related to uptake of central heating, more efficient 
heating systems and insulation (DECC, 2014d).  The Energy consumption in the UK 
report has data relating to electrical appliance use (DECC, 2014a).  Policy change 
can be observed by considering step changes in the performance measure in the 
regression analysis stage. 
Chapter 6 will discuss in greater detail how the available data can be used in the 
second regression analysis stage of the DEA.  There are a variety of data sets that 
can represent the influencing factors outlined in the research hypothesis, briefly 
discussed in this section.  Identified data sets and their characteristics, are 
summarised in more detail in Table 5.3 below.   
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Table 5.3: Influencing factor data sets for a two-stage analysis. 
 
Category Influencing factor Description Source Time period Other
Economic
Energy price 
(gas and 
electricity)
Average UK 
household fuel 
price for gas 
p/kWh
UK housing energy fact 
file 2013.  Table 3c: from 
DUKES Table 1.1-1.6 
and Quarterly Energy 
Prices table 2.1.1
1970 - 2012
Quarterly Energy Prices 
(1980 - 20132).  Prices 
deflated using RPI.  
p/kWh annual average of 
amount spent on energy / 
energy consumption for 
households. 
Income
Real UK 
households' 
disposable income 
per head (£)
United Kingdom 
Economic Accounts 
Time Series Data Set 
1955 - 2013
Chained Volume 
Measures (CVM) and 
Seasonally Adjusted (SA).
Tenure (owner 
occupied, 
privately 
rented and 
local authority)
UK housing stock 
distribution by 
tenure (millions)
UK housing energy fact 
file 2013.  Table 4e: from 
GfK Home Audit/CLG 
EHCS and EHS
1970 - 2011
Data compiled by GfK 
Home Audit using 
English House 
Condition Survey and 
English Housing Survey 
data.  
Household 
size
Population / UK 
dwelling
UK housing energy fact 
file 2013.  Table 4a: from 
CLG Live Table 401, 
ONS and General 
Household Survey 
1970 - 2012
CLG Live Table is 
periodically updated.  
ONS data - General 
Register Office for 
Scotland.  Household 
figures for 1972-1980, 
2005 and 2009 
interpolated.  
Emissions 
factor
Emission 
conversion factor 
for UK electricity 
consumption 
(kgCO2/kWh).
The Market 
Transformation 
Programme/DEFRA, 
BNXS01 2010. Table A1: 
from DEFRA 
Greenhouse Gas 
Conversion Factors
1970 - 2012
Discontinuity in 2006.  
From 2006 onwards 
conversion factors are 
based on projections.  
House-build 
completions
Number of 
permanent 
dwellings 
completed in UK 
CLG Live tables on 
house buildings. Table 
241: local authorities, 
devolved governments 
and National House-
Building Council (NHBC)  
1949 - 2012
Local authority P2 returns, 
NHBC, approved inspector 
data returns, Welsh 
Assembly Government, 
Scottish Government, 
Department for Social 
Development (NI), 
Northern Ireland Housing 
Executive, Local Authority 
Building Control (NI).
External winter 
temperature
Average external 
winter temperature 
(°C). 
UK housing energy fact 
file 2013. Table 6o: from 
DUKES Table 1.1.8 
1970 - 2011
Average for October, 
November, December, 
January, February and 
March.
Mean air 
temperature
UK mean air 
temperature (°C).
Energy Consumption in 
the UK Data Tables 
2013.  Table 1.01: from 
Met office bespoke 
analysis. 
1970 - 2012
Temperature corrected data 
1998 to 2013 based on 
changes in temperature 
compared with average 
temperature between 1981 
and 2010. Data from earlier 
years based on a range of 
earlier dates. 
Socio-
economic
Structural
Temperature
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Category Influencing factor Description Source Time period Other
SAP rating Average GB SAP 
rating by Year 
UK housing energy fact 
file 2013.  Table 5g: from 
BRE Housing Model for 
Energy Studies and CLG 
EHCS & EHS 
1970 - 2011
Discontinuities in 2003 
and 2010.  BRE Housing 
Model  1970 - 2002 (GB), 
EHCS & EHS 2003-2011 
(England). SAP2009 rating 
system used for 2010 and 
2011.     
Central 
heating
Number of UK 
dwellings with 
central heating 
(millions)
UK housing energy fact 
file 2013. Table 6a: from 
GfK Home Audit/CLG*: 
EHCS and EHS
1970 - 2011
Data compiled by GfK 
Home Audit using English 
House Condition Survey 
and English Housing 
Survey data.  
Boilers (combi 
and 
condensing)
Boiler types in UK 
(thousands of 
dwellings)
Energy consumption in 
the UK Data Tables 
2013. Table 3.17: from 
the Market 
Transformation 
Programme 
1975 - 2011
Discontinuities in 2003 
and 2008.  MTP figures 
used up to 2003, EHCS 
figures 2003 - 2008, then 
EHS figures.  Data for 
1976 - 1979, 1981 - 1984 
and 1986 - 1989 is 
interpolated.
Insulated hot 
water tanks
Number of 
households with 
an insulated hot 
water tank.  
Energy consumption in 
the UK Data Tables 
2013. Table 3.22: from 
Domestic Energy Fact 
File and analysis by 
BRE, Cambridge 
Econometrics and 
Cambridge Architectural 
Research 
1976 - 2012
Discontinuity in 2008.  
Data from EHS used from 
2008 - 2012.  EHS data 
scaled to GB.  All years 
scaled to UK and to CLG 
2013 UK Dwellings Data 
from Table 101.  
More than 
100mm loft 
insulation
Ownership of loft 
insulation in UK 
properties 
(thousands). 
Energy Consumption in 
the UK Data Tables 
2013. Table 3.19: from 
GfK Home Audit and 
CLG EHS
1976 - 2012
Discontinuity in 2003.  
GfK Home Audit data 
used up to 2003 then EHS 
data scaled to UK.  
Cavity wall 
insulation
Ownership of 
cavity wall 
insulation in UK 
properties 
(thousands).
Energy Consumption in 
the UK Data Tables 
2013.  Table 2.20: from 
GfK, CLG EHS and 
SHCS
1976 - 2012
Discontinuity in 2003 and 
2009.  GfK Home Audit 
data used up to 2003, 
then EHS and Scottish 
Household Condition 
Survey (SHCS), and 
administrative data from 
ECO, CERT, Green Deal 
schemes from 2009. 
Energy saving 
lightbulbs and 
LEDs
Number of energy 
saving lightbulbs or 
LEDs owned by 
UK households 
(thousands)
Energy Consumption in 
the UK Data Tables 
2013. Table 3.12: 
modelled by the Market 
Transformation 
Programme
1970 - 2011
Technical
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5.5 Conclusions: data integrity, gaps and limitations 
5.5.1 Using modelled and energy end-user data 
One of the issues identified in the Chapter 2 literature review is that of finding 
suitable methods to conduct historical, quantitative modelling of UK residential sector 
energy use and related emissions with the data that are available.  This is one of the 
main disadvantages highlighted in terms of informing policy with regards to top-down 
sector models, which rely on time-series data, in comparison with building stock 
models which use more disaggregated, cross sectional survey data.  The advantage 
of top-down models over disaggregated building stock models is that they can 
examine historical trends and past influences of energy use and emissions.   
The aim of this research is: 
To examine how factors have influenced energy demand and related emissions in 
the UK residential sector, and the potential implications for policy.    
To achieve this, full use of the time-series data sets that are available is needed.   
In recent years the Department of Energy and Climate Change has worked with 
partners to bring together different data sources in publications such as the UK 
Housing Energy Fact File.  They have also developed the National Energy Efficiency 
Data-framework (NEED) to provide subnational energy efficiency data to researchers 
and policy makers.  The increase in available data sources is essential so that there 
can be ongoing assessment of the success or failure of different energy efficiency 
schemes in terms of energy use and related emissions reductions.  In order to 
identify the longer term influences of factors such as the price of energy and income 
on how householders have adapted to efficiency improvements historical 
assessment is needed, but then, as discussed, lack of data is an issue. 
Tables 5.1, 5.2 and 5.3 summarise a variety of data sets that can be used in a Data 
Envelopment Analysis of the UK residential sector to represent either resource 
‘inputs’ and service ‘outputs’ in the first stage of the analysis or ‘influencing factors’ in 
the second stage.  Of these data sets, a number have been modelled by various 
bodies such as the Building Research Establishment (BREHOMES), Cambridge 
Architectural Research (CHM) and the Market Transformation Programme.    
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In terms of integrity, there is obviously a higher degree of uncertainty in data derived 
from a modelling process.   In using modelled data, there is a reliance on the 
integrity of the modelling process used and the method will always be subject to 
scrutiny and disagreement regarding its accuracy.  In addition to the limitations 
identified with using modelled data sets, there is also, as previously discussed, the 
greater uncertainty inherent in final end-user energy and greenhouse gas emissions 
data. In reporting of these data sets, the electricity use proportion of household 
energy use has to be reassigned from the energy supply sector to the UK residential 
sector.  There is also uncertainty inherent in the process of calculating greenhouse 
gas emissions statistics from the reassigned data using averaged emission factor for 
the whole UK.   
In the research, it is recognised that the analysis is investigating both the UK 
Housing sector and the available data on the sector’s energy use and related 
emissions provided in the UK Housing Energy Fact File and other associated reports.  
The data in the Fact File is a result of studying and modelling the sector over many 
years, and so the analysis will provide insight in to how efficiently energy has been 
used in UK households and also whether the outputs of different studies provide a 
coherent analysis of the sector.  
5.5.2 Data gaps and methodological changes 
In addition to the potential issues surrounding the use of modelled and ‘end-user’ 
data, there are also incidences where data sets do not cover the required time period 
or where changes to modelling procedures or data estimation methodologies have 
been made.  Perhaps the main issue, previously discussed in this chapter, is that 
data on Greenhouse Gas Emissions was not routinely collected untill the 1990s.  
CO2 emissions data sets preceding this time have been retrospectively estimated 
using DUKES data and UK aggregated emission factors.  The benefits are having a 
greater number of observations of measured performance in the second stage 
regression analysis were discussed in section 5.4.1 and this warrants the inclusion of 
the extended data sets.   
When investigating the available data sources, another issue identified was the time 
lag in reporting statistics for previous years.  For instance, the end-user CO2 
emissions data for 1970 to 2011 is reported in the UK Greenhouse Gas Inventory for 
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2013, meaning there is a two year lag.  CO2 emissions are one of the two resource 
‘inputs’ in the Data Envelopment Analysis and are essential to calculating a 
performance measure for the sector.  Therefore, the time period which the analysis 
is able to examine was limited by the data available for CO2 emissions at the time 
the analysis was carried out.  It is unfortunate that the analysis cannot be done up to 
a more recent date so as to examine policy changes that have occurred in the last 
few years.  In addition, there is also a time lag in reporting average internal 
temperature data, potentially a measure of energy service output in the Data 
Envelopment Analysis.  Fortunately data is available for 1970 to 2011 so there is no 
further limitation placed on the time period covered by the first, DEA, stage of the 
analysis.   
When considering the data sources available for the second stage of the analysis 
where the relationship between different influencing factors and the performance 
measure is investigated, for the majority of factors, data is available from 1970 to 
2011.  The exceptions to this are for some of the ‘technical’ category data relating to 
uptake of insulation and boilers where data sets don’t start till 1975 or 1976.  In the 
second stage regression analysis, the incomplete coverage will mean that there are 
a reduced number of observations when examining the relationships with technical 
factors.  As a consequence, the results of regressions will be less robust.    
5.5.3 Data limitations 
It is acknowledged that relying on modelled data and using ‘end-user’ data which has 
a higher degree of uncertainty than ‘by-source’ data, as well as the gaps and time 
lags in the data sets available are potential limitations of the research. It has been 
argued in this chapter that in order to gain new insights into energy use and related 
emissions in the UK Housing sector, using this variety of data sources is necessary 
as long as the limitations are recognised.  Therefore, the two-stage analysis will 
continue using the data sets identified in this chapter.  In interpretations of the results 
of the two-stage analysis in Chapters 7 and 8, the data gaps and discontinuities 
identified in this Chapter should be considered.   
One of the contributions to knowledge of this research is using a new approach, 
Data Envelopment Analysis, to measure the ‘energy efficiency’ of the UK residential 
sector in a different way.  Using this new method has advantages in that it does not 
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rely on one aggregate measure of output or input in the sector, and it can combined 
diverse measures of outputs and inputs measured in different units without the need 
to state a structural relationship between them.  The disadvantage in using this 
method is in accepting that some of the measures of both inputs and outputs used in 
the analysis are imperfect.  In addition there are gaps and limitations to the data sets 
to be used in the second stage of the analysis.  Nevertheless, it is the position of this 
research that there is value in using the available data to measure the efficiency of 
the UK Housing between 1970 and 2011, and to examine the influence of a number 
of factors on the efficiency measure obtained as this could lead to new insights.   
This chapter has identified the need to use the available energy and related 
emissions end-user data despite the greater uncertainty inherent in the estimation 
methodologies for this data.  By using this data and making the best use of the 
available historical data on energy use resource inputs and energy service outputs 
can be represented in a DEA of the UK residential sector.  In addition there is a 
variety of data sets that can be used in the second stage of the analysis to 
investigate the influence of different factors on sector efficiency. The relative integrity 
of different data sources has been discussed, and it is recognised that there are 
limitations, but using this data can provide the opportunity to gain new insights into 
the energy efficiency of UK housing.   
The following chapter will set out the procedure for how the identified data sets can 
be used in a two-stage analysis of UK housing.  The initial DEA will allow for 
modelling of the sector to produce a performance measure. The conditions and 
assumptions for producing the performance measure will be described.  The 
subsequent regression analysis stage will investigate the impact of different 
influencing factors on the DEA performance measure.  
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Chapter 6: Data Envelopment Analysis and Regression Two-
Stage Analysis 
Chapter Highlights 
DEA black box diagram; inputs, outputs and non-discretionary variables, procedure 
for input and output orientated modelling; statistical testing; justifying a regression of 
DEA efficiency scores; variable subsets. 
6.1 Introduction 
In this thesis, an examination of historical changes in energy and emissions trends, 
as well as energy and climate change policy, related to UK Housing, identified a 
need to find new methods to measure energy efficiency in the sector.  A systematic 
review of models and studies of the residential sector in Chapter 2, and subsequent 
comparison of the main characteristics of the methods identified for measuring 
efficiency, led to the identification of a new method.  This method, Data Envelopment 
Analysis (DEA), can be applied to the sector in a two stage analysis summarised as 
follows: 
Stage 1:  Models the variation in energy demand and emissions using Data 
Envelopment Analysis (DEA).  DEA gives a measure of the performance of the 
residential sector and how it has behaved to achieve its energy services, using 
energy and CO2 resources, between 1970 and 2011.   
Stage 2: Analyses the influences of key factors using the performance measure 
obtained from DEA as the dependent variable in regression analysis.  The second 
stage tests the correlation between the measure(s) of sector behaviour and variables 
which previous studies have interpreted as influencing the ratios in the Kaya identity 
(see meta-review).    
As described in Chapter 4, DEA is a mathematical linear programming technique for 
benchmarking the performance of organisations, sectors or countries, and is 
increasingly employed in environmental and energy research (Zhou et al., 2008).  
DEA can be applied to measure the efficiency of the UK residential sector using the 
Kaya Identity, first introduced in Chapter 2, as a basis for the analysis.  UK housing’s 
behaviour in using resource ‘inputs’ to produce service ‘outputs’ between 1970 and 
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the present can be quantified using the DEA method, in a way that allows for a 
comparison of changing relative efficiency over the period.   
In the first part of the chapter the description of how DEA can be applied to the UK 
residential sector, summarised in Chapter 4, will be extended using a ‘black-box’ 
diagram of the process, whereby the sector’s energy use and related carbon dioxide 
emissions (inputs) are converted to energy services (outputs).  Section 6.2 will build 
on the identification of suitable data sets in Chapter 5 by justifying the use of 
selected datasets to represent inputs and outputs in the DEA.  Energy service 
outputs in the sector can be categorised as space heating, hot water, cooking, 
lighting and use of electrical appliances.  In addition to energy and CO2 emission 
inputs there are also ‘non-discretionary’ uncontrolled variables which can also be 
significant in a data envelopment analysis.  These variables and appropriate 
datasets to represent them are discussed.  Section 6.2 will also consider whether the 
use of multiple inputs and outputs in a DEA of the UK residential sector is suitable, or 
whether single inputs or outputs would be more appropriate.   
In section 6.3 of this chapter, the focus moves to describing the mathematical 
procedure for modelling the efficiency of the UK residential sector between 1970 and 
2011 using ‘R’ language and environment software for statistical computing (R 
project, 2015).  The section will outline the ‘returns to scale’ assumptions in applying 
the DEA method to the UK housing and will discuss two different approaches to 
modelling the sector using DEA: input and output-orientated analysis.  In addition, 
different combinations of inputs, outputs and non-discretionary variables will be 
considered to determine how to most appropriately model the sector.  As will be 
described, statistical tests can be used to select different performance measures for 
the sector with the optimum combination of inputs and outputs.  The performance 
measures will be used in the second stage of the analysis.   
Section 6.4 of this chapter will describe the procedure for the second stage of the 
analysis which uses regression to examine the relationship between the 
performance measures obtained in the first part of the analysis and a number of 
influencing factors.  The DEA performance measures are the dependent variable in 
the regression analysis and influencing factors identified in the literature review and 
meta-review sections of this thesis are the explanatory variables. Section 6.4.2 
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discusses and justifies the use of regression analysis with performance measures 
obtained using DEA, with reference to the literature.  The section will conclude by 
outlining the regression procedure used in the analysis and will discuss how to 
identify best subsets of explanatory variables in multiple regressions.     
In terms of the research objectives presented in the introduction to this thesis this 
chapter relates to objective 4:  
‘Model the variation in energy demand and emissions and analyse the influence of 
key factors in relation to the changing social, political and economic landscape of the 
sector’. 
The first stage of the analysis relates to the first part of objective 4 and the second 
stage to the second part.     
6.2 DEA: modelling of inputs and outputs 
6.2.1 DEA approach overview 
Section 3 of Chapter 4: Research Methods introduced the Data Envelopment 
Analysis (DEA) method and outlined how it could be used to analyse UK residential 
sector energy efficiency.  DEA is a widely employed mathematical programming 
technique for benchmarking performance and, as previously mentioned, was 
introduced by Charnes et al. (1978), building on previous work to measure technical 
efficiency by Farrell (1957).  DEA is used to measure how efficiently an 
organisational unit uses a set of inputs to generate a set of outputs (Charnes et al., 
1978).  The method can be used to compare the performance of a population of 
organising units such as companies, not-for-profit organisations, sectors or countries.   
DEA produces a summary measure of relative efficiency using observations on the 
ratio of services (outputs) produced from resources (inputs) for each organisation in 
the sample.    
In this thesis, the DEA approach uses an extension of the Kaya identity (Equation 
2.1 on page 17) (Agnolucci et al., 2009) as a framework for an examination of the 
residential sector.  In the identity, for the UK residential sector, the CO2/E ratio 
represents the change in carbon intensity of the total energy used, either directly for 
heating or indirectly from electricity supplied, in households.  The Equation 4.2 
version of the Kaya identity discussed in Chapter 4 (page 117) is extended for 
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service sectors and provides a better context for investigating how the residential 
sector has acted in response to changing carbon intensity.   
In the extended identity, the E/ES ratio represents the energy intensity of energy 
services and the inverse of the ratio ES/S (Ekins and Barker, 2001) is a measure of 
technical efficiency, where energy service outputs are achieved for a set level of 
energy input.  In the research it is proposed that this inverse ratio, extended to 
include the carbon emissions associated with the energy use, forms the basis of the 
DEA.  The ratio provides the framework for measuring the energy efficiency of the 
UK residential sector in a new way, using DEA to estimate the relative efficiency with 
which the sector uses energy and carbon emissions inputs to produce energy 
service outputs.   
As discussed in Chapter 4, this study takes a different approach to the majority of 
DEAs and instead of comparing different organisational units, compares one 
organisational unit, the UK residential sector, multiple times over a period of time.  In 
this way the UK Housing sector can be compared over a 40 year period, where there 
are 40 plus observations, and each observation is treated as the performance of an 
individual organisation unit.  A set of efficiency scores are generated from the 
process, which provide a measure of the sector’s performance and behaviour which 
can be analysed in the second stage of the analysis.  Though this approach is 
unusual in the DEA literature it has been applied before to another sector as 
discussed in Chapter 4 (see Burley’s (1980) examination of the US manufacturing 
sector).  Recently this approach to time-series measurement of efficiency has also 
been applied to measure electric energy efficiency though this uses the 
corresponding econometric technique stochastic frontier analysis rather than DEA 
(Weyman-Jones et al., 2015).  
The general concept behind the DEA method is that the organisational units being 
analysed share an underlying technology and, as a consequence, have the same 
range of technologies to transform inputs to outputs (Bogetoft and Otto, p 59, 2011).  
In this study the underlying technology is that which has influenced the use of energy 
and related emissions in the sector and the changing carbon intensity (CO2/E) of 
household energy use between 1970 and 2011.  In typical DEA studies which use 
time series data to compare different organisations, the model is adjusted to allow for 
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exogenous technical progress as the shared production technology improves over 
time (Bogetoft and Otto, 2011).  In this research, the DEA methodology measures 
this technological change directly by treating it as the endogenous focus of the 
analysis and no correction is needed.  The performance measure is relative to the 
technological change which in turn is defined by the social, political, technical and 
structural environment in which changes to carbon intensity for households has 
occurred.  The comparative influence of these different factors is examined in the 
second stage of the analysis. 
As highlighted in Chapter 4, one of the benefits of using DEA to produce a new 
measure of UK Housing sector energy efficiency is that it can measure the 
performance of organisational units where there is not one aggregate measure of 
production activity (for example revenue if comparing companies).  This benefit also 
applies to the inputs used to measure efficiency, and there can be multiple inputs 
rather than one aggregate input measure such as costs.  Because DEA can combine 
multiple inputs and outputs, using the method to measure efficiency supports a 
‘multi-dimensional description’ of how an organisational unit such as the UK 
residential sector behaves in converting inputs to outputs (Bogetoft and Otto, p13, 
2010).  Another advantage of the DEA approach, in contrast to other parametric 
approaches, is that it is not necessary to impose a functional form on the relationship 
between inputs, outputs and other factors.  This allows comparison of organisational 
units, such as the UK Housing sector, with diverse characteristics and with inputs 
and outputs measured in different units (Ramanathan, 2005).  
6.2.2 DEA black box model 
The procedure for using DEA to examine UK residential energy use and related 
emissions is represented by the ‘black-box model’ diagram in Figure 6.1 on the 
following page.  The model describes the process whereby inputs/resources (energy, 
E, and carbon emissions, CO2) are transformed into outputs/services (energy 
services, ES).  DEA estimates the efficiency of the sector each year between 1970 
and 2011, relative to the underlying technology that determines the CO2 /E, carbon 
intensity of energy use ratio for the UK housing sector.  The performance measure 
obtained using DEA describes how sector activity/behaviour has changed over time 
in terms of how efficiently householders have utilised the underlying technology.   
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The black-box model in Figure 6.1 below represents the underlying technology by a 
set which contains all the input/output combinations observed on inputs x1 to xI, 
outputs y1 to yR with non- discretionary (uncontrolled) variables z1 to zL for 
‘organising units’ 1 to J.  In this DEA only one organising unit is examined, the UK 
residential sector, multiple times.  Non-discretionary variables can have an additional 
impact on the conversion of inputs to outputs.  Bogetoft and Otto (2011) highlight 
that in DEA applications there are often situations where some inputs or outputs are 
fixed and uncontrollable.  For the UK residential sector, the external temperature, 
particularly during the winter heating season, contributes directly to heating energy 
demand and hence the activity/behaviour of the sector: lower winter temperatures 
lead to increased heating demand.  The external temperature cannot be controlled or 
influenced by the UK housing sector and hence, can be classed as a non-
discretionary variable in the DEA.  This is discussed further in section 6.2.4.  
 
The procedure for modelling inputs and outputs using DEA, and the mathematical 
linear programming problem that the procedure seeks to solve are outlined in section 
6.3 of this chapter.  The rest of this section will focus on the available data sets and 
their suitability as measures of different inputs, output and non-discretionary 
variables in the DEA of the sector.  
 
Figure 6.1: Black-box diagram of DEA of UK Residential Sector.  
Inputs/resources
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6.2.3 Energy use and emissions inputs 
The transformation of inputs to outputs in a DEA of the UK residential sector is 
outlined in the black-box diagram in Figure 6.1 above.  In terms of efficient 
conversion of inputs to outputs, the sector’s decision making process is multi-
dimensional with inputs and outputs which can be represented by different data sets.  
In addition there are non-discretionary variables such as external temperature 
exerting an influence on sector activity.  In an introduction to DEA (Ramanathan, 
2003) it is suggested that when selecting both inputs and outputs for a DEA they 
should be related to the objectives of the study and identify characteristics of 
organisations not captured by other inputs or outputs.  This section will focus on the 
selection of suitable input data sets.   
In DEA, inputs are normally defined as the resources utilised by the organisation 
under investigation to produce outputs (Bogetoft and Otto, 2011).  Because the usual 
aim of organisations is to improve efficiency, which can be done by reducing 
resource use, inputs are sometimes referred to as ‘bads’ (Ramanathan, 2003) as the 
organisation is ‘penalised’ for using more of them in measurement of relative 
efficiency.  In environmental studies, often undesirable outputs, such as pollutants or 
greenhouse gas emissions, are produced alongside the desired outputs (services or 
goods).  In DEA, organisations benefit from producing more outputs in terms of 
increased relative efficiency but obviously this should not be the case when it comes 
to outputs which are pollutants or emissions.  Therefore alternative approaches are 
required to account for these undesired outputs in the analysis.  Yang and Pollitt 
(2009) discuss how to incorporate undesirable outputs into DEA and one solution is 
to incorporate them as additional inputs so that modelling will require both inputs and 
undesirable outputs to be reduced for an organisation to be relatively efficient.   
For the DEA of the UK residential sector in this study, the inputs (x1 to xI in Figure 
6.1) are defined by the carbon intensity (CO2/E) ratio of the Kaya identity.  For 
householders to receive energy services (outputs) in their homes, requires the input 
of energy, but in this process CO2 emissions are also produced as an additional, 
undesired output.  Therefore, in the DEA of the residential sector CO2 emissions can 
be included as a second input in modelling, as outlined in the DEA literature (Yang 
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and Pollitt, 2009) to ensure that the efficiency measure effectively penalises years 
with higher levels of emissions.   
The level of CO2 emissions produced by the residential sector is directly related to 
how much energy is used; energy demand reduction in general drives emissions 
reduction.  Figure 4.4, in Chapter 4 showed how the amount of emissions produced 
on average per kilowatt hour of energy use in the residential sector (carbon intensity) 
has varied over time as the mix of fuels used to generate electricity has changed, 
and also as the way we heat homes has transformed.  Therefore, using CO2 as an 
additional input adds another dimension to the analysis and allows an examination of 
the sector’s behaviour in response to both factors.     
For the DEA there are two inputs: energy use and CO2 emissions and therefore, in 
the procedural description in the black box diagram for xI, I = 2.  Chapters 4 and 5 
both discussed the data requirements for a DEA of the UK residential sector. Data 
sets are required which provide observations on inputs and outputs between 1970 
and the present.  The two inputs identified as resource inputs for the DEA are energy 
use and CO2 emissions arising from energy use.  As the analysis is considering the 
delivery of all energy services (space heating, lighting, hot water, cooking and 
electrical appliances) then it is appropriate to select data sets which include all 
energy used in homes.  These data sets are often referred to as ‘end-user’ or final 
energy use data in publications such as the UK Housing Energy Fact File (DECC, 
2014c) and UK Greenhouse Gas Inventories (DECC, 2013d).   
The increased uncertainty of using ‘end-user’ energy use and emissions data was 
discussed in Chapter 5, Data Sources.  Definitions provided in Chapter 1 outlined the 
boundaries of the analysis and determined that all energy services should be 
represented in the analysis, and this includes electrical appliance use and lighting.  
Therefore, despite the increased uncertainty, in order to carry out an analysis that 
includes the contribution of electricity, end-user data sets should be used.  Data sets 
for UK Housing final energy use and end-user CO2 emissions from the UK 
residential sector, identified in Chapter 5, are taken from the 2013 UK Housing 
Energy Fact File data tables (DECC, 2014c) and the 2013 UK Greenhouse Gas 
Emission Inventory (DECC, 2013d) respectively.  End-user emissions data was only 
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available up to 2011 at the time the analysis was carried out and hence the analysis 
will cover the period from 1970 to 2011.   
6.2.4 Energy service outputs: multiple services  
In DEA, outputs are defined as the benefits generated as a result of the actions of an 
organising unit in using inputs (Ramanathan, 2003).  The energy services 
householders achieve in their homes as a result of using energy, and consequently 
CO2, provide benefits such as warmth, light, cooked meals, hot water and use of 
appliances such as TVs, washing machines or refrigerators.  Energy services are 
defined in the research as space heating, hot water, lighting, cooking and electrical 
appliances and therefore, for the DEA there could be up to five outputs.  In the DEA 
if the sector acts to maximise the energy services delivered whist maintaining the 
same level of inputs then the sector would be more efficient.     
An alternative approach to a DEA of the residential sector could be to focus solely on 
heating as the majority of final energy use in homes is for heating (61% in 2012, 
(DECC, 2014b)).  One of the main benefits of DEA, discussed earlier, is that it can 
handle multiple inputs and outputs and can be used to analyse the performance of 
organising units which may behave better in some dimensions than others.  In a 
longitudinal analysis of the residential sector, an approach which examines the 
performance in terms of all service outputs avoids the limitations of making a partial 
evaluation of one service which might appear to have the greatest influence on 
efficiency.  The literature on DEA suggests a system-orientated approach to 
analysing organising units, that recognises multiple inputs and outputs exist which 
may interact and substitute for each other (Bogetoft and Otto, p 13, 2011).  All five 
energy services will be considered in the analysis, as this supports the definitions for 
energy use in the sector outlined in Chapter 1.  Additional analysis will consider the 
sector from a space heating and hot water energy service perspective only as 
discussed in section 6.3.5.   
Selecting appropriate data sets to provide observations of the five energy service 
outputs delivered to householders since 1970 provides a greater challenge than 
selecting input data.  Ideally, for the DEA, output data sets would provide a direct 
measure of the five energy services through observations such as the number of 
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showers or hot meals which householders receive on a yearly basis.  Unfortunately, 
national data with that level of disaggregation on household activities is not available.  
An alternative approach to output data set selection for the analysis focusses on 
data which provides a proxy measure of the changing level of benefit householders 
have received between 1970 and 2011.  Multiple data sets can be included to 
represent all sector energy services.  Though identifying suitable output measures is 
a challenge, one of the benefits of DEA highlighted in this thesis is that organisations 
without an aggregate measure of output can be compared.  Multiple outputs with 
diverse characteristics, measured in different units, can be combined to give an 
estimate of efficiency for the whole sector.  
For lighting and electrical appliance energy services, total number of bulbs and 
appliances are selected as appropriate proxy measures.  The total number of bulbs 
owned by households between 1970 and 2011 has been modelled by the Market 
Transformation Programme for DECC and is available in Energy Consumption in the 
UK (DECC, 2013b).  Total number of bulbs is used in the analysis but has been 
disaggregated by bulb type in the data.  Similarly for electrical appliances energy 
service, the number of electrical appliances owned by households between 1970 
and 2011 is used.   
These data sets have been selected as the most appropriate proxy measure for both 
energy services from the longitudinal data that is available for the sector (see 
chapter 5 for a more detailed discussion of the limitations associated with the data 
sets). If households own more light bulbs and electrical appliances then 
householders have access to a higher level of service from these appliances in their 
homes.  The greater benefit can be achieved in different ways. A greater variety of 
appliances, for instance kitchen aid appliances, means that electricity is used for 
more activities than previously.  Secondly, if households on average own more than 
one of a particular appliance then the appliances can be used by different members 
of the household at the same time as is the case if households own, for example, 
more than one television.  The same argument applies to lighting.  An increase in the 
number of bulbs owned by households implies a greater number of light fittings in 
homes and householders have access to a higher level of lighting service. 
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Available data to use as proxy measures for cooking and hot water service delivery 
are less obvious.  Cooking service can be partially represented by the electric 
cooking appliances category in the data sets used as a proxy measure for electrical 
appliances (ECUK, DECC, 2013b).  ‘Number of electric cooking appliances’ owned 
by households comprises electric ovens, electric hobs, microwaves and kettles so 
using this data as a proxy measure captures the increased benefit to householders 
of being able to prepare food in different ways.  Unfortunately, the portion of cooking 
provided by gas hobs and ovens is not represented.   
Average household size is suggested as a suitable indicator for hot water and 
cooking demand at the household level in ‘Energy efficiency indicators in the 
residential sector’ (Haas, 1997) and in a Data Envelopment Analysis measuring 
energy efficiency improvements in the US (Grösche, 2008).  The demand for water 
heating for showers, baths and washing up, and the number of meals cooked per 
household, is likely to be directly related to the number of people who live in a house. 
At the sector, aggregate level in a longitudinal analysis, changing average household 
size does not represent the changing demand for these services for the whole sector.  
Instead total UK population between 1970 and 2010 can be used as a proxy variable 
to represent changing demand for hot water and cooked meals in the sector overall. 
Population data is available from the Department for Communities and Local 
Government Live Tables (DCLG, 2015c).   
As has been shown in Chapter 5, there are a number of datasets which will 
represent the five household energy service outputs in a ‘multiple energy services’ 
DEA of the UK housing sector.  Exploratory DEA modelling will identify which 
combinations of inputs and outputs should be included to produce performance 
measures which can be analysed in the second stage of the analysis.  Section 6.3 
will describe how the DEA approach handles multiple, diverse outputs and will 
illustrate how efficiency is estimated in a DEA model with more than one input or 
output.  It will also describe the procedures taken to exclude and include outputs 
from the ‘multiple energy services’ DEA model.   
6.2.5 Energy service outputs: space heating 
For heating service, average internal winter temperature is one possibility as a proxy 
measure of heating service benefit.  Internal temperature is used as a measure of 
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service in studies of sector energy use (e.g. Cheng and Steemers, 2011).  Its use as 
a proxy output measure in a DEA can be justified by considering that if householders 
receive a higher average internal temperature in winter in a particular period then 
this increase reflects them receiving a higher level of energy service through longer 
heating times or higher thermostat settings.  On a year to year basis, the level of 
service achieved is affected by the external temperature in the heating season.  
Colder years will require more energy to achieve the same level of service.  This is 
something that should be considered in the data DEA programming discussed in 
section 6.3.   
If internal temperature is used as a measure of service then other factors such as 
fabric heat loss and boiler efficiency improvements will have influenced the level of 
space heating energy service in households.  The influence of these technical 
influencing factors and other factors will be considered in the second-stage 
regression analysis.   
Data for average internal winter temperature is available in the UK Housing Energy 
Fact File (DECC, 2014c).  A limitation of the data, discussed in Chapter 5, is that the 
data is modelled by the Building Research Establishment up to 2008, and since 2009 
the Cambridge Housing Model, and there are limitations to any modelling approach.  
In the research it is recognised that the DEA approach will be modelling the data that 
is available and that despite the limitations new insights can be gained from 
modelling data part of which is itself the outcome of modelling processes involving 
more raw or primary data.  Therefore, internal temperature seems a suitable proxy 
for the changing level of benefit which householders have received between 1970 
and the present.  A plot of the average internal winter temperature data from 1970 to 
2011 is shown in Figure 6.4 below.   
As discussed in Chapter 5, the number of houses with central heating is another 
possible proxy measure for space heating energy service output and has been used 
to represent household service levels in studies by BRE (Shorrock 2000 and 
Shorrock 2003).  Data on household central heating numbers is available in the UK 
Housing Energy Fact File.  Similarly to the data on electrical appliance numbers, 
central heating numbers are related to population growth in the UK and are also 
related to new house-build completions.  
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A benefit of using central heating data as a proxy measure of heating energy service 
output is that the data describes the significant change in how householders heat 
their homes that has occurred between 1970 and 2011.  At the start of the period, 
comparatively few houses had central heating: approximately 32% of households in 
1970 compared with 97% of households in 2011 (10% of households had gas central 
heating in 1970 compared with 83% in 2011) (DECC, 2014c).  Using central heating 
number data represents this change more directly than the internal temperature data 
proxy, though some of the change in internal temperatures between 1970 and 2011 
can be considered to represent the increase in central heating figures.   The switch 
away from coal fires which heat selected rooms, towards central heating which heats 
the whole house has led to increased temperatures in areas outside of the main 
living space according the UK Housing Energy Fact File (Palmer and Cooper, 2014, 
p 46).   
In the first stage of the analysis, performance measures will be obtained from DEA 
models with either internal temperature or central heating number as the proxy 
measure of space heating energy service.  The change in efficiency over the time 
period can be compared and both can be utilised in the second-stage regression 
analysis to examine the influence of different influencing factors.  The performance 
measures can also be compared with the efficiency measures for multiple energy 
service DEA models.  Results from both stages of the analysis will be presented in 
Chapter 7.   
6.2.6 Non-discretionary variables 
In the formulation of DEA models, discussed later in this chapter, it is implicit in 
model assumptions that all inputs and outputs are discretionary and can be 
influenced by an organising unit’s behaviour.  For the residential sector this means 
that the model assumes the sector can act to minimise the inputs required to 
produce a given level of service outputs, or alternately that the sector can act to 
maximise the service outputs delivered for a given level of inputs.   
Particularly in relation to the heating service output, external winter temperature 
influences how the sector behaves.  In general, in a colder winter the sector will need 
to use more energy and consequently CO2 emissions to produce the same level of 
benefit to householders of a particular level of heating comfort will increase.  The 
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sector is unable to act to increase the winter temperature because it is an 
uncontrolled (non-discretionary variable) input but the average external temperature 
undoubtedly has an effect on how hard the sector has to work to deliver comfortable 
indoor temperatures to households.  Because of the influence temperature has on 
householder’s behaviour it can be considered as an additional input to the procedure, 
whereby inputs are converted to outputs as is shown in the Black-Box diagram, 
Figure 6.1.    
Another variable which can be considered to be non-discretionary is UK population.  
Increasing population between 1970 and 2011 will have led to an increase in service 
demand for the whole UK housing sector over the same period.  In section 6.2.4, UK 
population was identified as a proxy measure of hot water demand in the sector and 
therefore the population impact is already accounted for in the analysis as an output.  
There is no need to include an additional measure of the influence of population as a 
non-discretionary variable.  Other output measures are also linked to population 
increase.  Data sets for ownership levels of electrical appliances, for example, will be 
correlated with increases in population and numbers of UK households. The impact 
of population is implicitly included in the DEA models estimates of sector efficiency.    
In the analysis, data for the average external temperature for November to March for 
each year from 1970 to 2011, taken from the UK housing Energy Fact File (DECC, 
2014c) represents the non-discretionary variable.  As previously mentioned, 
population data is available from the Department for Communities and Local 
Government Live Tables (DCLG, 2015c) and is included in the analysis as a proxy 
measure of energy service outputs.  Section 6.3 will describe how non-discretionary 
inputs can be included in the DEA linear programming carried out using R software 
for statistical computing. 
6.2.7 Modelling efficiency change over time 
Section 6.2 has given an overview of how DEA will be used to give a performance 
measure for UK residential sector energy efficiency between 1970 and 2011.  The 
end date of 2011 for the analysis is defined by the availability of data and, in 
particular, ‘end-user’ emissions data was only available up to 2011 at the time of the 
analysis due to the time-lag in estimating and reporting this data.  Data sets which 
can represent the energy and CO2 emissions inputs, and serve as proxy measures 
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of energy service outputs have been identified.  In addition, external winter 
temperature and UK population have been identified as non-discretionary variables 
in the DEA.  The input of these variables into the procedure described in the black-
box model, influences sector activity but cannot be controlled.   
The next section of this chapter will explore how the identified inputs and outputs can 
be modelled using ‘R’ software for statistical computing (R project, 2015) to produce 
performance measures for the sector that can be used in the second stage 
regression analysis.  The performance measure obtained for the residential sector 
will describe the behaviour of UK householders in terms of how efficiently they have 
used energy and related CO2 emissions inputs to achieve energy service outputs in 
their homes between 1970 and 2011.  Section 6.3 will describe the mathematical 
linear programming procedure for transforming the selected inputs into outputs.  It 
will also consider the assumptions made in modelling, returning to the black-box 
model in Figure 6.1 as a starting point.  Orientating the mathematical linear 
programme to focus on either the inputs or output of the analysis results in 
performance measures that describe two different behaviours in the sector, as will be 
discussed.   
Sections 6.2 and 6.3 of this chapter will conclude by selecting the most appropriate 
performance measures to examine in the second stage of the analysis, described in 
section 6.4.  Selecting suitable performance measures for the second stage of the 
analysis is dependent on which input, output and non-discretionary variables are 
included or excluded from the DEA.  As will be discussed, determining the most 
appropriate performance measures depends partly on ensuring all energy services 
are represented in the analysis.  In addition, statistical tests can be used to 
determine which selection of inputs and output variables leads to the closest 
envelopment of points in the DEA.   
6.3 Procedure for a DEA of the UK residential sector 
6.3.1 DEA modelling 
The DEA method is based on an application of linear modelling where the efficiency 
of an organisational unit in converting inputs to outputs is measured using a 
fractional mathematical programming model (Ramanathan, 2005).  The function of 
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Equation 6.1 
the model is to maximise the ratio of weighted outputs to weighted inputs so that for 
each organising unit being measured: 
max𝜃𝜃 = � ∑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑡𝑡 × 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡
∑ 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑡𝑡 × 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡 �                                     
Subject to:  
�
  ∑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑡𝑡 × 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡
∑ 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑡𝑡 × 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡 �         ≤   1 
The weights are restricted so that the efficiency of a unit cannot be more than 100% 
efficient (Weyman-Jones, 2011).  If the efficiency of a unit is equal to 1 (100%) then 
the unit is said to be efficient.  If the efficiency of a unit is less than 1 then it is 
relatively inefficient.  A choice can be made as to whether the focus of the DEA is 
input-orientated, where the objective is to minimise the inputs for a set level of 
outputs, or output-orientated where outputs are maximised for a set level of inputs.  
In this research, both input and output orientated measures are obtained, as is 
discussed in more detail in section 6.3.3.   
The fractional mathematical programming model above (Equation 6.1) is solved by 
determining the values of the input and output variable weights.  The problem can be 
solved for input or output-orientated DEA models, when either the numerator or the 
denominator of the problem is set equal to one, so that the fractional, non-linear 
programme is transformed in to a linear programme.  The linear programming 
problems for measuring input and output orientated efficiency and the dual of the 
problem which applies constraints to the evaluation of efficiency scores are set out in 
detail in books on DEA (e.g. Ramanathan, 2003).  The constraints applied to the 
DEA models of residential sector efficiency are discussed in the next section.  
Efficiency scores are estimated for each organising unit in the sample by the 
constrained model and a piecewise linear representation of the set of scores is 
constructed.  The individual scores of each unit are bound or enveloped by a 
piecewise linear frontier, determined by the most efficient organising units in the 
sample.   
In parametric approaches the aim is to optimise a regression plane through the data 
points but in the non-parametric DEA mathematical model a frontier is generated 
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from the best performing (or best practice) units by optimising each individual 
observation (Charnes et al., 1994).  All observations are bound (or enveloped) by a 
frontier formed from the best performing organisational units, sometimes referred to 
as a best-practice frontier. 
Figure 6.2 presents an example of a piecewise linear frontier for a DEA model.  In 
this example there are seven organising units in the sample.  Units 1, 2 and 3 are 
100% efficient and are the best-performing units that determine the frontier/boundary 
of the DEA.  The distance of the other units from the frontier determines their relative 
efficiency.  Unit 7 is further from the boundary than unit 5 and is therefore less 
efficient.  How the distance and hence relative efficiency of sample points is 
calculated depends on the assumptions and constraints applied to the model.  In 
addition, input and output-orientated mathematical programmes calculate the 
distance in different directions, as is discussed in section 6.3.3 of this chapter.  
The DEA frontier shown in Figure 6.2 is a simple example where there is only one 
input and one output.  The DEA approach in this research involves multiple inputs 
and outputs and therefore the frontier will be multi-dimensional (Bogetoft and Otto, 
2011), as will be discussed in section 6.3.4.  The general DEA mathematical linear 
programming problem described by Equation 6.1 can be applied to the multiple 
inputs and outputs identified for an analysis of the UK Housing sector use of energy 
Figure 6.2: Example of a DEA piecewise linear boundary 
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and related emissions.  The procedure can be summarised as follows, with reference 
to the variables in the black-box diagram in Figure 6.1, and represents the underlying 
technology by a set which contains all the observed input-output combinations for 
inputs 𝑥𝑥1…𝑥𝑥𝐼𝐼, outputs 𝑦𝑦1…𝑦𝑦𝑅𝑅 with uncontrolled variables 𝑧𝑧1…𝑧𝑧𝐿𝐿: 
𝑿𝑿 = �𝑥𝑥11 ⋯ 𝑥𝑥1𝐽𝐽⋮ ⋱ ⋮
𝑥𝑥𝐼𝐼1 ⋯ 𝑥𝑥𝐼𝐼𝐽𝐽
� 
𝒀𝒀 = �𝑦𝑦11 ⋯ 𝑦𝑦1𝐽𝐽⋮ ⋱ ⋮
𝑦𝑦𝑅𝑅1 ⋯ 𝑦𝑦𝑅𝑅𝐽𝐽
� 
𝒁𝒁 = �𝑧𝑧11 ⋯ 𝑧𝑧1𝐽𝐽⋮ ⋱ ⋮
𝑧𝑧𝐿𝐿1 ⋯ 𝑧𝑧𝐿𝐿𝐽𝐽
� 
If the organising units share the same technology then the technology set defines the 
envelopment of all the data points from the DEA model.  If one year in the sample is 
selected and given a duplicate label: 0 = 1 … 𝐽𝐽  
If the organising unit represented by:  
(𝒙𝒙0,𝒚𝒚0) = �𝑥𝑥1𝑜𝑜⋮
𝑥𝑥𝐼𝐼𝑜𝑜
� , �𝑦𝑦1𝑜𝑜⋮
𝑦𝑦𝑅𝑅𝑜𝑜
� 
has the same underlying technology set, then a piecewise linear representation of 
the technology is: 
�
𝑥𝑥11 ⋯ 𝑥𝑥1𝐽𝐽
⋮ ⋱ ⋮
𝑥𝑥𝐼𝐼1 ⋯ 𝑥𝑥𝐼𝐼𝐽𝐽
� �
𝜆𝜆1
⋮
𝜆𝜆𝐽𝐽
� ≤ �
𝑥𝑥1𝑜𝑜
⋮
𝑥𝑥𝐼𝐼𝑜𝑜
� 
�
𝑦𝑦11 ⋯ 𝑦𝑦1𝐽𝐽
⋮ ⋱ ⋮
𝑦𝑦𝑅𝑅1 ⋯ 𝑦𝑦𝑅𝑅𝐽𝐽
� �
𝜆𝜆1
⋮
𝜆𝜆𝐽𝐽
� ≥ �
𝑦𝑦1𝑜𝑜
⋮
𝑦𝑦𝑅𝑅𝑜𝑜
� 
𝜆𝜆1 ≥ 0 … 𝜆𝜆𝐽𝐽 ≥ 0 
Where 𝜆𝜆1 …𝜆𝜆𝐽𝐽 are the weights applied to the observed inputs 𝑥𝑥1…𝑥𝑥𝐼𝐼 , and outputs 
𝑦𝑦1…𝑦𝑦𝑅𝑅for years 1….J.  The weights are defined by the linear programming model. 
The selected organisational unit (or year in terms of the DEA approach taken in this 
thesis) belongs in the same underlying technology set if the sum of the inputs are 
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equal to or greater than all other weighted inputs in the sample and the sum of 
outputs is less than or equal to all other weighted outputs.  Each point is bound by 
the best-practice frontier.  
As only one organising unit, the UK residential sector, is under investigation, all 
years can be considered to share the same technology and therefore, each 
individual year is enveloped by a frontier determined by the best-performing year.  
The assumption that all years share the same technology is a very broad and simple 
one which does not preclude the role of technological progress in the underlying 
technology.  Technological progress is an influencing factor considered in the 
second stage of the analysis.  The common technology refers only to the range of 
inputs and outputs used.  Assuming that energy use and CO2 emissions are 
necessary inputs in the process of producing energy service outputs in the last year 
of the sample, then the same broad categories of inputs and outputs are necessary 
at the beginning of the sample period as well.  This does not ignore the likelihood 
that the process of converting inputs to outputs will undergo significant change and 
improvement over the period.  Indeed it is this change that the analysis is measuring.  
The assumption of a shared technology does not imply that the means of delivering 
energy services, and the engineering and design specifications of heating systems 
and electrical appliances are unchanged.  This is obviously not the case in the UK 
residential sector. 
Because all years in the sample are enveloped by a frontier determined by the best 
performing years, the inputs for each observation of the UK residential sector must 
be the same as or greater than those that lie on the frontier, for a set level of outputs.  
Or, alternately, the outputs must be equal to or less than observations of the sector 
which lie on the frontier for a set level of inputs.  The relative efficiency of sample 
points in the population will depend on the distance from the best-practice frontier in 
input and output directions, depending on the orientation of the DEA model.   
The rest of section 6.3 will focus on the assumptions made in modelling regarding 
the underlying technology set and how these assumptions determine how the 
relative efficiency of sample points is measured.  Selecting either input or output-
orientated measurement of efficiency also affects the relative efficiency of each point, 
or in this research approach, each year.  In this research, as discussed there are 
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multiple inputs and outputs and measurement of efficiency in both input and output 
orientated directions occurs in multiple dimensions, unlike the simple DEA example 
shown in Figure 6.2 where there is only one input and one output.  This is discussed 
further in section 6.3.4.   
6.3.2 Returns to scale and other model assumptions 
In the solution to the linear programming problem set out in Equation 6.1, constraints 
are placed on the problem which determines the upper and lower limits of the DEA 
frontier constructed from the best-performing units in the sample.  These constraints 
are due to returns to scale (RTS) assumptions made in modelling and the different 
assumptions depend on the underlying technology that defines the envelopment of 
all points.  Returns to scale assumptions can be explained with reference to a simple 
one input / one output example of a DEA frontier such as that in Figure 6.2.  In 
essence, these assumptions reflect the possible outline of the feasible space 
occupied by the observed inputs and outputs. 
In Figure 6.3 below, the two boundary lines marked on the diagram labelled CRS 
and VRS, refer to constant returns to scale and variable returns to scale, respectively, 
and describe different assumptions made about the technology set in a DEA. The 
appropriate assumption regarding returns to scale in the DEA in this thesis can be 
determined by considering whether the inputs and outputs of sample points in the 
population can be scaled up or down.  In Figure 6.3, points which lie on the CRS 
straight line boundary through the origin (points 1 and 2 in figure 3) could feasibly be 
scaled either up indefinitely, or down to the origin, along the CRS boundary line, by 
scaling the input and output observations up or down.  If scaling up and down of 
inputs and outputs is possible then the technology set displays constant returns to 
scale and the envelopment boundary will be a straight line emanating from the origin.  
If inputs and outputs cannot be scaled up without limit or down to zero, then the 
technology set displays variable returns to scale, as represented by the second, VRS 
boundary in Figure 6.3.   
In addition to constant and variable returns to scale there are other assumptions 
about the technology set where some degree of rescaling is possible: increasing or 
decreasing returns to scale (IRS and DRS) respectively.  In DRS it is possible to 
Chapter 6: Data Envelopment Analysis and Regression Two-Stage Analysis 
169 
 
downscale inputs and outputs but no degree of upscaling is possible.  For IRS the 
opposite is the case, where upscaling is possible but downscaling is not.  Figure 6.2 
in the previous section is an example of decreasing returns to scale 
To determine whether the technology set which defines the UK residential sector 
displays constant returns to scale (CRS), partial returns to scale (IRS and DRS) or 
whether no rescaling is possible (VRS), it is necessary to consider whether the 
inputs and outputs in the DEA can be scaled up indefinitely or scaled down to zero. 
For the energy service outputs of the analysis, there is both an upper limit to the 
level of service households can achieve which cannot be increased whatever the 
level of energy use and CO2 emissions, and a lower limit because householders will 
always require some energy services.  In terms of resource inputs, there is a 
minimum level of energy use and emissions required to generate a minimum level of 
service outputs, but energy consumption is not without limits, so there is an upper 
bound as well.  The restrictions on scaling inputs or outputs up or down suggests 
that the technology set for a DEA of the UK residential sector shows variables 
returns to scale.   
1 
CRS 
7 
2 
4 
6 
3 
5 
x 
y 
VRS 
input 
output 
Figure 6.3: Variable and constant returns to scale DEA boundaries 
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Example application of VRS assumption to internal winter temperature output 
variable: 
As an example of the restrictions on rescaling inputs or outputs for a DEA of the UK 
residential sector, observations of average internal winter temperature, representing 
heating energy service, can be considered.  In UK homes, there is both a minimum 
temperature and maximum temperature, corresponding with minimum and maximum 
energy and related emission requirements that can be observed.  Indoor 
temperature cannot be scaled up or down indefinitely.  There are limits in terms of 
what is comfortable and also what is technically possible.  Some level of energy use, 
and hence emissions, is required for houses to be habitable but energy consumption 
is bound by limits on energy service levels and cost.  This is true for all energy 
services. There is a maximum and minimum service a household can achieve and a 
maximum and minimum level of energy and CO2 associated with this.  Therefore, 
indefinite upscaling and downscaling of inputs and outputs is not possible and 
variable returns to scale is assumed throughout the analysis.     
In practice, the returns to scale assumption can be tested using asymptotic (large 
sample) parametric test procedures, as shown later in the thesis, but these are 
known to lose statistical power whenever the sample size is reduced.  Therefore, the 
thesis adopts the conservative principle of permitting the sample space to be 
constrained in the manner just described.  The exact placement of the constraints is 
not determined by the researcher, but by the data and the solution process.  
In addition to returns to scale assumptions in the analysis, the set of observations is 
also assumed to be convex and closed.  The assumption of convexity means that all 
convex combinations of observations are in the technology set and points on the 
boundary are also included.  In programming for DEA in R statistical computing 
software returns to scale assumptions are applied by imposing a single constraint 
that incorporates the closer envelopment of sample points when rescaling is only 
partially possible or not possible at all.  The input and outputs variable limits of each 
sample of observations which determine the best practice frontier are defined by the 
model estimation procedure and the data sets used in the analysis.  
The following section will examine how the relative efficiency of sample points is 
calculated in input and output-orientated DEA models.  The VRS assumption made 
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about the underlying technology set in the DEA of the UK residential sector 
described in this chapter affect how the efficiency of sample points in calculated.  
Efficiency is measured as the distance of expansion or contraction of points required 
moving them to the best-practice frontier and hence the RTS assumption has an 
impact on the estimated relative efficiency of different years in the analysis, as 
discussed.   
6.3.3 Input and output orientation 
The non-linear mathematical programming model outlined in Equation 6.1 can be 
solved with the objective of either minimising inputs for a set level of outputs or by 
maximising outputs for a set level of inputs; referred to respectively as input-
orientated or output-orientated DEA.  This is achieved by setting either the 
numerator or denominator of equation 6.1 equal to one.  In the DEA method the 
researcher can choose the direction of optimisation in the model programming in the 
R software.   
A graphical example of how input and output-orientated efficiency are measure in a 
simple DEA example with one input and one output is shown in Figure 6.4.  In the 
example the number of inputs and the number of outputs are both equal to one and 
there are seven points from observations on seven organising units.  The efficiency 
of each sample point is measured as either the contraction (decrease along the x 
axis) in input usage to project the observation onto the frontier or the expansion 
(increase along the y axis) in output usage to project the observation on to the 
frontier.  Points on the frontier require no contraction or expansion to move on to the 
best-practice frontier and efficiency is zero.  Variable returns to scale is assumed in 
the example in Figure 6.4.   
If point ( )55 , yx  is taken as an example, figure 6.4 shows it is bound in the 
envelopment.  The relative efficiency of point 5 is measured as either the horizontal 
or vertical distance to the piecewise linear boundary determined by the best 
performing, most efficient organising units in the sample.  In DEA the researcher can 
choose the direction of the efficiency measure depending on the behaviour the 
researcher wishes to investigate.  In Figure 6.4, if optimisation in the horizontal, input 
based, axis is chosen the point ( )55 , yx  moves towards the frontier through reduction 
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of input usage. If optimisation in the vertical, output based, axis is selected then an 
expansion in output production would move the point towards the efficiency frontier.     
A method for measuring the relative efficiency of organising units can be explained 
with reference to Figure 6.4, using the same terminology as Bogetoft and Otto (2011) 
where E is the input-orientated efficiency and F is the output-orientated (Farrell) 
efficiency (this widely used strategy for measuring the degree of efficiency in multi-
input and multi-output DEA was proposed by Debreu (1951) and Farrell (1957)).  
The input-orientated efficiency of sample point 5 is measured relative to the VRS 
frontier as the contraction needed to project point (x5, y5) to (E5x5, y5).  The output-
orientated efficiency is measured as the expansion required to project sample point 
(x5, y5) to (x5, F5y5).  In the input-orientation the input can be said to have been 
contracted by the multiplicative factor Ej ≤ 1, where there are j organising units in the 
sample.  In the output-orientation the output has been expanded by the multiplicative 
factor Fj ≥ 1.   This method for measuring relative efficiency is expanded on in the 
following section to explain the procedure in when there are multiple inputs and 
outputs but this is the general approach taken in the DEA of the UK residential sector 
described in this thesis.       
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Figure 6.4: Input and output-orientated DEA efficiency measurement. 
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When considering a DEA of the UK residential sector’s behaviour in using energy 
and CO2 to deliver energy services, being able to select input or output orientated 
optimisation in the analysis allows questions to be asked about the behaviour and 
motivation of the sector.  Firstly, is the sector motivated to find the least cost way of 
achieving a particular level of service, where cost is the amount of energy used and 
emissions generated.  Secondly, is the sector motivated to find the highest 
achievable level of service for a set cost of energy use and CO2 emissions?  Another 
way of considering this is to ask whether the residential sector is motivated and acts 
to meet emission and demand reduction targets such as those set in the 2008 
Climate Change Act, or whether it is motivated to obtain the maximum level of 
comfort and benefit from energy services by improving household technologies?   
Generating performance measures from both input and output orientated DEA 
models in this thesis means that these two behaviours can be compared by 
examining the different efficiency trends obtained.  This is not the usual approach to 
take in DEA on a particular data set.  Normally the aim of DEA is to benchmark the 
performance of organisations in terms of how they either minimise resource/input 
use or maximise outputs/services.  In this thesis, being able to compare the two 
different types of performance measures and hence compare two different energy 
efficiency behaviours in the UK housing sector is important because policy related to 
UK residential sector energy use and emissions can be considered to have two 
competing objectives: to reduce energy use and greenhouse gas emissions from the 
sector to meet national and international targets whilst maintaining or improving 
householders standard of living and comfort levels.  Therefore, it is necessary to 
consider both orientations in the analysis.  
Examining the different motivations of householders can offer insights in to how 
householders have responded to changes that have occurred in the housing sector, 
for example, increased uptake of technical energy efficiency improvements.  
Measuring both input and output orientated efficiency means that the two different 
policy objectives can be examined to consider both how behaviour has changed in 
terms of meeting reduction targets and how behaviour has changed to increase 
comfort levels (and raise living standards) in homes.  New understanding of historical 
changes in behaviour has the potential to improve understanding of the likely 
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implications for the success and effectiveness of future policies designed to reduce 
energy use and emissions in the sector. 
6.3.4 DEA modelling with multiple inputs and outputs 
As previously mentioned, in the DEA approach taken in this thesis, there are multiple 
inputs and outputs which represent the resources, energy and related CO2 
emissions used by the sector to achieve five different energy services (space heating, 
hot water, cooking, lighting and electrical appliances).  In the simple one input and 
one output example DEA shown in Figures 6.4, the relative efficiency estimated by 
the input or output-orientated linear programme depends on the contraction in the 
input direction or expansion in the output direction required to ‘move’ the point to the 
frontier.  Describing how the efficiency of a unit in the sample is estimated when 
there are multiple inputs and outputs is more difficult to represent diagrammatically 
than in the single input/output case.   
Where there are multiple inputs and outputs, as in this study, all inputs are 
contracted proportionally when measuring input-orientated efficiency, E and all 
outputs expanded proportionally in output-orientated efficiency, F, measurement, if a 
radial DEA model is used (Bogetoft and Otto, 2011, p 26).  Figure 6.5 below 
describes the contraction of inputs in a radial DEA model where there are two inputs 
and one output.  Efficiency Ec is measured relative to the variable returns to scale 
O Input 1, x1 
c 
Input 2, x2 
Ec = [Ob/Oc] <1 
CRS 
VRS Adjust the Ec score downwards 
for the CRS frontier, where 
points are not enveloped as 
closely. 
b 
a 
Figure 6.5:  A two inputs and one output example of input-orientated radial DEA. 
 
Chapter 6: Data Envelopment Analysis and Regression Two-Stage Analysis 
175 
 
frontier, marked VRS, as the proportional contraction of both inputs needed to 
project sample c on to the frontier, b.  Ec, is measured as a fraction of the distance 
from the origin to point b on the VRS frontier, over the distance from the origin to 
point c.  The linear programming in DEA sets points on the efficiency frontier equal to 
1, so Ec is less than 1.  If constant returns to scale was assumed where Ec = [Oa/Oc] 
≤ 1) sample points would be less closely enveloped by the frontier and Ec would be 
adjusted downwards (less efficient).   
Radial, proportional expansion of multiple outputs is described in Figure 6.6 below 
with a two outputs and one input DEA example.  In this example the output-
orientated efficiency Fc is again measured relative to the VRS frontier as the 
proportional expansion of both outputs needed to project sample c on to the frontier, 
b along the straight line from the origin.  Because the linear programming in DEA 
sets points on the efficiency frontier equal to 1, Fc is greater than 1.  If constant 
returns to scale was assumed where Fc = [Oa/Oc] ≥ 1 sample points would be less 
closely enveloped by the frontier and Fc would be adjusted upward.  The greater the 
output-orientated efficiency the less efficient the organising unit is.       
Figure 6.6:  A two outputs and one input example of output-orientated radial DEA. 
 
In a DEA of the UK residential sector it is appropriate to consider a radial DEA model 
where inputs are proportionally reduced because the energy use and CO2 emission 
O 
output 1, y1 
Adjust the Fc score upwards for 
the CRS frontier, where points 
are not enveloped as closely. 
 
b 
output 2, y2 
Fc = [Ob/Oc] > 1 
CRS VRS 
c 
a 
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inputs are inextricably linked (Palmer and Cooper, 2014).  It is difficult to see how the 
majority of households could reduce one without reducing the other.   In terms of 
radial expansion of outputs then it is also possible to consider there to be links 
between the levels of service achieved by householders for different energy services 
and that increases or decreases in demand are linked.  This will be considered 
further when examining the results of DEA and comparison of output-orientated 
efficiency scores for multiple energy services and heating-only energy service.      
In the procedure for a DEA of the UK residential sector’s energy use and related 
emissions described in this thesis, the transformation of inputs to energy service 
outputs is multi-dimensional.   In the computation of efficiency for each observation 
in the technology set, the linear programme either maximises the output expansion 
or minimises the input contraction of each observation radially, in multiple 
dimensions simultaneously.  Figures 6.5 and 6.6 in this section offer a 
diagrammatical representation of how this expansion or contraction is measured in 
more than one dimension, building on the initial description of efficiency 
measurement in a single input – single output example provided in Figure 6.4.   
To represent the measurement of efficiency for DEAs of the UK residential sector 
diagrammatically, where there will be both multiple inputs and outputs in some DEA 
models, is impossible.  The descriptions presented in this chapter merely provide an 
over-view of the DEA efficiency measurement method used in this thesis and 
outlined in Bogetoft and Otto (2011).  Though it is a simplified description, it is a 
useful starting point for a better understanding of how the DEA method produces a 
set of efficiency scores (performance measure) for a sample of organising units 
which can be compared.  Or, as is the case in this thesis how the efficiency of one 
organising unit observed multiple times over a 40 year period is measured.   The rest 
of this section will complete the description of the procedure for the first-stage of a 
DEA of the UK residential sector.         
6.3.5 Exclusion and inclusion of input, output and non-discretionary variables in 
modelling 
For the second stage of the DEA, discussed in section 6.4 of this chapter, 
performance measures are utilised to investigate the relationships between sector 
efficiency between 1970 and 2011 and numerous influencing factors.  To determine 
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which performance measures to examine in the next stage of the analysis, the initial 
objective of DEA modelling in ‘R’ is to identify the best combination of inputs and 
outputs for the linear programme.  In terms of the data sets identified in Chapter 5 
there are a number of points that need to be investigate to determine the most 
appropriate DEA models to use in the second stage of the analysis.   
The first issue is how to account for the impact of the non-discretionary variable 
external winter temperature in relation to its impact on the average internal winter 
temperatures achieved in homes during the heating season.  A second issue is how 
to represent the electrical appliance energy service output in the DEA.  There are 
data sets available for number of appliances in households, aggregated by different 
appliance.  Initial investigation of DEA models needs to ascertain whether there is 
any advantage to including different input data sets for different appliance types or 
whether one input for total number of appliances is suitable.   
A third point to consider is whether UK population is a suitable proxy measure of hot 
water demand in the analysis and what the impact is on input and output orientated 
models of the sector.  To some extent population can also be considered as a non-
discretionary uncontrolled variable that has a direct impact on energy use and 
related emissions that is outside of the control of policy makers.  As population 
increases the total level of service demanded by the sector also increases.   
A final issue to consider is the contrast between performance measures which only 
include one measure of energy service output in comparison with multiple output 
measures.  One proxy measure of energy service could focus on space heating 
demand, as the biggest contribution to total energy use in the UK residential sector. 
Space heating energy service could be represented by either internal winter 
temperature, as in the multiple energy service models, or number of households with 
central heating as the sole output in input and output-orientated DEA models. 
In considering the first point, the external winter temperature has an effect on how 
hard the sector has to work to maintain the same level of energy service delivered to 
the sector, in particular with regards to heating service.  The black-box diagram in 
Figure 6.1 shows that in the transformation of inputs to outputs, discretionary 
variables are treated as additional inputs.  In the DEA programming, observations on 
non-discretionary variables can be treated as additional inputs or outputs depending 
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on whether they decrease or increase efficiency.  External winter temperature has 
the effect of decreasing the efficiency of the residential sector; in colder winters more 
energy and CO2 is required for the same level of comfort to be achieved.  Therefore, 
in the study external winter temperature is treated as an additional input.  Appendix 
B provides a more detailed explanation of why non-discretionary environmental 
variables should be included as either additional inputs or output in the DEA.    
The choice of modelling procedure, input or output orientated, influences how the 
additional constraint of a non-discretionary variable is treated in the model 
programming in the R software.  In an input orientated DEA, all inputs are controlled 
so if external temperature is an additional input in the model then it is controlled.  By 
making external winter temperature a negative output in an input orientated DEA the 
variable can be treated as non-discretionary and uncontrolled.  In an output 
orientated DEA model all output are controlled and inputs are uncontrolled so 
including external winter temperature as an input variable means it is automatically 
uncontrolled and non-discretionary.    
Regarding the second point, in the analysis electrical appliances can be included in 
three different ways.  (There is data available which means electrical appliances 
could be disaggregated to a much higher degree but it seems reasonable to draw a 
limit so that the DEA does not become focused on modelling the electrical appliance 
energy service).  Firstly, where the electrical appliances energy services is 
represented by a single data set of total electrical appliances.  Secondly where 
separate data sets for four categories of electrical appliance, wet appliances, cold 
appliances, cooking appliances, and consumer electronics and home computing 
appliances are included.  Thirdly, where cooking appliances are treated as a 
separate category to represent the cooking energy service and electrical appliances 
are represented by the total of the three remaining categories of appliance.   
Finally, in the data envelopment analysis modelling, the effect of including population 
as a proxy for hot water and cooking demand is investigated.  The UK population 
has increased over the last 40 years, so the level of service output for hot water and 
cooking has increased in relation to this population increase.  Examination of 
modelling results will determine whether it is an appropriate proxy for hot water and 
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cooking demand and whether its inclusion makes a noticeable difference to the 
efficiency scores obtained through DEA.      
A number of runs of data envelopment analysis models have been carried out with 
different combinations of inputs and outputs to investigate the assumptions, choices 
and constraints discussed in the previous section.  Statistical tests based on Banker 
(1996), Banker and Natarajan (2011) and summarized in Bogetoft and Otto (2011) 
have been used to compare models with and without additional constraints, and to 
guide selection of models to use in the regression analysis stage of the study.   
In this research, modelling of inputs and outputs using the DEA approach is carried 
out using ‘R’ software for statistical computing.  ‘R’ can be used to carry out either 
input or output orientated analysis of multiple inputs and outputs with different 
returns to scale assumptions set for the programming problem.  As previously 
discussed, variable returns to scale is assumed for the UK housing sector DEA.  
Using the R software it is possible to obtain a number of performance measures from 
different input and output combinations for DEA of the UK residential sector and to 
carry out the necessary statistical tests to select the best models.  The following 
section will summarise the results of carrying out statistical tests on different 
performance measures and will identify which to use in the second stage of the 
analysis.   
6.3.6 Banker tests on performance measures 
In order to compare DEA models with different combinations of inputs and outputs 
parametric statistical tests can be used to compare different DEA models and the 
envelopment of sample points.  A set of tests based on Banker (1996) and Banker 
and Natarajan (2011) is available to compare DEA sample populations.  The tests 
can be used to compare the comparative efficiency of different subgroups, different 
model specifications or different comparators.  In this thesis, the main aim of 
comparing different DEA models is to support decision on the inclusion or exclusion 
of energy service outputs for different types of electrical appliances, external winter 
temperature as a non-discretionary variable and population as a proxy measure of 
‘cooking energy service’  and a non-discretionary variable.  The inclusion of 
additional inputs or outputs adds an additional constraint to the DEA model.  The 
Banker tests can be used to compare the difference in efficiency between 
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performance measures with and without the additional constraint.  In addition, 
statistical tests can be used to examine scaling assumptions in variable or constant 
returns to scale frontiers in the DEA.   
The process of either adding or relaxing a constraint on the DEA problem allows for 
differences in the specification of the technology.  In general, adding a constraint 
increases the measured efficiency of each organising unit in the sample so that for 
input-orientated efficiency Ej increases or stays the same and for output-orientated 
efficiency Fj decreases (or stays the same).  Input and output-orientated efficiency 
measurement sample points on the best-practice frontier have efficiency of one so 
inefficient points have efficiency less than one in the input orientation and greater 
than one in the output orientation (Ej ≤ 1 or Fj ≥ 1).  Measured efficiency increases for 
each sample point because adding a constraint leads to the closer envelopment of 
points and therefore the expansion or contraction of points required to project them 
on to the best-practice frontier is decreased.   
Banker (1996) tests can be used to compare constrained and unconstrained sets of 
efficiency scores.  The procedure compares the sum of squares for all efficiency 
scores (-1) in the constrained and unconstrained sets to determine whether there is 
a statistically significant difference between the two sets.  Sets of efficiency scores 
are never exactly identical so the tests determine whether scores are sufficiently 
similar at the 5% level of significance on the comparison test. The procedure can be 
done with both input and output-orientated efficiency measures by applying the same 
form of statistical test in R software for statistical computing.   
The Banker test procedure supports the selection of several input and output-
orientated DEA performance measures representing both multiple energy service 
outputs and space heating energy service only.  The performance measure selected 
can be examined in the second stage of the DEA to examine the influence of 
different types of influencing factors using regression analysis.  The final selection of 
performance measure for the second stage post efficiency regression analysis is 
discussed in the following section.  
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6.3.7 Efficiency measures for 2nd stage analysis 
Initial examination of input and output orientated DEA focussed on single energy 
services before switching focus to multiple energy services.  When considering 
multiple energy services it was necessary to determine the combination of inputs and 
outputs which led to a close envelopment of the observations, whilst ensuring that 
different energy services were represented in the analysis and that the influence of 
non-discretionary variables was considered.  As discussed in this chapter the main 
choices to be made in DEA modelling procedure are:  
• assumption of either constant or variable returns to scale;  
• the direction of orientation; input or output orientated;  
• whether to include average external winter temperature as a non-discretionary 
input variable in the analysis; 
• whether to include separate categories of electrical appliance 
• whether to include the UK population data set serving as a proxy for hot water 
and cooking demand. 
Initial exploratory investigation of different DEA models with the different 
assumptions and choices outlined above led to the selection of a set of DEA models 
with a set of efficiency scores.  The sets of efficiency scores, performance measures 
for the residential sector, will be utilised in the next stage of the analysis in 
regressions to examine the relationships with different influencing variables. 
Because examining input and output orientated DEA models allows a comparison of 
two different behavioural motivations in the UK residential sector both orientations for 
multiple  energy services and space heating service only will be included in the 
second stage of the analysis.  Therefore, no statistical tests were used to compare 
input and output orientated results.  A comparison of variable and constant returns to 
scale (VRS and CRS) assumptions showed that the additional constraint of a VRS 
frontier led to the closer envelopment of sample points in a DEA of the UK residential 
sector, as expected (see Figure 6.3).  There was a statistically significant difference 
between the sum of squares of the constrained and unconstrained sets of efficiency 
scores.  The VRS assumption will be applied in all DEA modes of the UK residential 
sector.   
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In terms of the non-discretionary, uncontrolled variable, external winter temperature, 
how it is included in programming depends on the orientation of the DEA linear 
problem.  External winter temperature is considered to be an additional input to the 
DEA procedure for the UK residential sector outlined in the black-box diagram in 
Figure 6.1 because it has the effect of decreasing the efficiency of the residential 
sector; in colder winters more energy and CO2 is required for the same level of 
comfort to be achieved.  An alternative way to consider it is that relatively warmer 
winters make it easier to achieve target comfort levels and therefore the external 
temperature is equivalent to an extra non-discretionary input.   
The choice of modelling procedure, input or output orientated, influences how a non-
discretionary variable is treated in the model programming in the R software.  In an 
input orientated DEA, all inputs are controlled so if external temperature is an 
additional input in the model then it is controlled.  By making external winter 
temperature a negative output in an input orientated DEA the variable can be treated 
as non-discretionary and uncontrolled.  In an output orientated DEA model all output 
are controlled and inputs are uncontrolled so including external winter temperature 
as an input variable means it is automatically uncontrolled and non-discretionary.    
Banker tests were carried out comparing the sum of squares of input-orientated 
models with external temperature as a controlled or uncontrolled input in space 
heating service only DEA where internal temperature was used as the proxy 
measure for energy service output.  The comparison showed a statistically significant 
difference between the two sets of scores at the 5% level with the constrained set of 
scores where external temperature was included as an additional input showing a 
larger value for the sum of squares.  This shows there is a difference between the 
two sets of efficiency scores.  Models examined in the two-stage analysis will have 
external temperature as an uncontrolled variable as this supports the assumptions 
that the variable has an influence on efficiency that cannot be controlled by policy 
makers. 
Comparison of efficiency score plots for DEA models with different output selections 
for electrical appliances (outlined in the previous section) showed little visible 
difference between sets of efficiency scores.  Banker (1996) tests compared the sum 
of squares of efficiency scores for input-orientated models of electrical appliances 
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energy service only with different arrangements of electrical appliance variables.  
There were statistically significant differences between the different arrangements 
with the arrangement where electrical appliances were counted as four separate 
outputs (wet, cold, cooking, and consumer electronic appliances) being most closely 
enveloped in the linear programme.  Therefore, for DEA modes of multiple energy 
services, electrical appliances are included as four outputs.   
The final variation in modelling focussed on the inclusion or exclusion of the UK 
population proxy measure which represent hot water and cooking energy services, in 
multiple energy service DEA and can also be considered as an additional non-
discretionary variable.  When population was included in input-orientated models 
there was little visible differences between sets of efficiency scores, though Banker 
tests showed a statistically significant difference between scores, with the inclusion 
of the population variable increasing efficiency scores overall.  There was a bigger 
variation between output orientated multiple energy service models with or without 
the additional population constraint.  This was supported by Banker tests, with 
models including population more closely enveloped by the frontier and sample 
points with higher average efficiency.  The focus in the two-stage analysis will be on 
multiple energy service performance measures with population included but the 
output-orientated performance measure without the population variable will also be 
examined for comparison.   
This section has outlined the criteria for selecting performance measures which will 
be examined further and will also be the dependent variable in regression analysis of 
the influence of different factors.  The following section will describe how the 
performance measure selected through initial exploratory analysis will be used in the 
second-stage of the analysis to investigate the influence of two types of influencing 
factor: factors that influence the level of energy service householders demand; 
factors that influence the level of energy use and related emissions required for a set 
level of energy services.   
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6.4 Second stage regression analysis 
6.4.1 Introduction to second stage 
Sections 6.2 and 6.3 of this chapter have described the first stage of a two stage 
analysis of UK residential sector behaviour related to energy use and emissions 
between 1970 and 2011.  In this first stage, Data Envelopment Analysis (DEA) has 
been used to provide a measure of sector performance which illustrates householder 
behaviour in using resource inputs, energy and CO2 emissions, to produce energy 
service outputs in homes.  Different assumptions regarding the combination of inputs 
and output variables, and the orientation of the DEA model (input or output-
orientated) led to the production of three sets of efficiency scores from ‘multiple 
energy services’ DEAs.  In addition, four performance measures for ‘space heating 
service only’ DEA models were obtained.  All seven performance measures will be 
investigated in the second stage of the analysis, the procedure for which is described 
in this section.    
In the second stage of the analysis described here, linear regression is used to 
investigate the relationship between DEA performance measures and influencing 
factors identified in the literature review and meta-review chapter of this thesis. 
These factors fall under the general categories of economic, socio economic, 
technical, structural and policy.  The aim is to use linear regression to explain the 
variation between efficiency scores within a performance measure and between 
different sets of performance measure.  A particular focus will be on investigating the 
variation between input and output orientated performance measures of UK 
residential sector energy efficiency.  But the difference between performance 
measures which include multiple energy service outputs and those which include 
single output measures of space heating demand will also be investigated.  In terms 
of the research objectives of this thesis, the second stage of the analysis refers to 
the second part of objective 4: 
‘Model the variation in energy demand and emissions and analyse the influence of 
key factors in relation to the changing social, political and economic landscape of the 
sector’.  
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Section 6.4.2 will begin by considering the use of linear regression with efficiency 
scores generated from DEA with reference to previous studies, and will consider the 
arguments and justifications for using regression in this context. The next part of this 
section (6.4.3) will outline the procedure taken in the regression analysis of DEA 
performance measures.  Initial simple linear regressions will investigate the 
relationship between individual influencing factors and sector efficiency.  Subsequent 
multiple linear regression will investigate the relative influence of groups of factors.   
The section will continue by considering the different data sets identified in Chapter 5 
which can be used in the second stage of the analysis.  The explanatory variables in 
the linear regression have been selected based on their significance in terms of 
influencing sector energy use and emission, as considered in previous studies and 
analysis of the sector. In addition, the availability of suitable data sets has played a 
role in the selection of explanatory variables for the analysis. Section 6.4.4 will also 
outline how subsets of explanatory variables can be selected using ‘R’ project 
software for statistical computing and will also consider the correlations between 
different influencing factors.   
Section 6.4 completes the description of the procedure for a two stage analysis using 
DEA and regression analysis.  The procedure provides a new method for analysing 
the sector and forms the main body of this thesis: modelling the UK residential 
sector’s energy use and related emissions and examining the influence of different 
factors.  The following chapter (7) presents the results of the two stage analysis of 
the UK residential sector in two parts: 1st stage DEA results and 2nd stage regression 
results.     
6.4.2 Using regression analysis with DEA efficiency scores 
In a guide to ‘Benchmarking with DEA, SFA, and R’ it is noted that once we have 
estimated the efficiency of different organising units we are often interested in 
understanding why some are more efficient than others (Bogetoft and Otto, 2011, 
p187).  Using DEA in combination with other analytical methods to relate the 
efficiency of output production with features of the organisation under observation in 
a two-stage analysis is an established approach in DEA studies (Charnes et al., 
1994, p329).  In a ‘post-efficiency’ second stage analysis the difference between the 
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efficiency of different years in the DEA of the UK residential sector can be examined 
using statistical methods such as ordinary linear regressions.   
In Bogetoft and Otto (2011) the linear regression model takes the form: 
E = a11 + a2z2 + …+ aqzq + ɛ 
Where E is the efficiency calculated in the DEA model explained by variables z1 to zq 
and parameters a1 to aq, and ɛ is an error term that identifies that the model does not 
explain all efficiency variation between different organising units.  From this equation 
it is straightforward to estimate the marginal effect on E related to a marginal change 
in zj.  
𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧𝑗𝑗
= 𝑎𝑎𝑗𝑗  
Bogetoft and Otto state that though ordinary regression is widely used in practice 
there are issues due to the fact that efficiency scores are greater than 0 and less 
than one, which is not taken into account in the regression model.  They suggest that 
the Tobit model for censored regression can be used to address this issue.  The use 
of ordinary least squares and Tobit regression in second stage analysis of DEA 
efficiency scores is discussed by McDonald (2009) who concludes that Tobit can be 
an inappropriate estimation procedure in some circumstance, whereas OLS is a 
consistent estimator.  McDonald also considers there to be merit in using ordinary 
regression procedures as they are broadly understood by the wider research 
community.  
One aim of McDonald’s paper is to address a disagreement between two papers by 
Simar and Wilson (2007), and Banker and Natarajan (2008).  The disagreement 
relates to whether efficiency scores generated from DEA are a descriptive measure 
or not, and hence whether regressing efficiency, E, against explanatory factors is a 
good or faulty procedure.  Simar and Wilson proposed that Banker and Natarajan’s 
approach was faulty because efficiency scores from DEA are an estimator of the true 
efficiency and the sampling distribution of the efficiency scores is unknown.  If this is 
true then you cannot use regression analysis of the DEA efficiency estimates.  
McDonald disputes this argument on the basis that DEA efficiency scores do not 
have to be viewed as an estimator but instead can be seen as a fractional 
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transformation on the available data.  If this is the case regression of efficiency 
scores is a suitable method.   
Later papers by Johnson and Kuosmanen (2011 and 2012) also support the use of 
regression in conjunction with DEA.  In addition, Bogetoft and Otto conclude that 
there is considerable evidence of success in using a two-stage DEA approach where 
efficiency scores are treated as a descriptive measure (Bogetoft and Otto, 2011, 
p196).  In this thesis, there is an obvious need to be able to relate efficiency scores 
for the UK residential sector’s use of energy and related CO2 emissions to different 
influencing factors to better understand the historical influence of changes to how 
energy is used in homes.  The efficiency scores generated through a DEA of the 
sector can be seen as a transformation of the data available in the UK Housing 
Energy fact File (2014) and other statistical publications, and hence as a descriptive 
measure.   
In conclusion, post-efficiency second stage regression is identified as a suitable 
approach to be taken in the second stage of a two stage DEA of the UK residential 
sector.  Ordinary least squares (OLS) linear regression is used due to its 
comparative merit as a method, as described in the literature (McDonald, 2009):  
OLS is a consistent estimator and broadly understood by the broader research 
community.  The procedure for regression of efficiency scores is described in more 
detail in section 6.4.4.  The two stage approach can offer new insights into the 
historical influence of a variety of explanatory variables, discussed in the following 
section.   
6.4.3 Regression analysis procedure 
Section 6.3 described how different DEA models which varied in their inclusion or 
exclusion or different inputs and outputs could generate different performance 
measures for the UK residential sector.  Performance measures can be generated 
for input-and output orientated DEA models with different combinations of output 
variables to represent either multiple energy services or space heating energy 
service only.  Statistical tests based on Banker (1996), Banker and Natarajan (2011) 
and summarized in Bogetoft’ and Otto have been used to compare DEA measures 
with and without additional constraints and with different combinations of 
inputs/outputs.  These statistical tests have guided the selection of sets of 
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performance measures to investigate further in a secondary analysis using linear 
regression methods.  The aim is to explain the variation in efficiency due to the 
influence of these other factors.   
As previously stated, in Bogetoft and Otto (2011) a general linear regression model 
with multiple explanatory variables such as the one in this study takes the form:  
E = a11 + a2z2 + …+ aqzq + ɛ 
Where E is the efficiency measure and dependent variable, a11 is the intercept value, 
there are q explanatory variables with regression coefficients a1 … a𝑞𝑞.  𝜀𝜀𝑖𝑖 is a random 
error term reflecting the difference between the actual values of the dependent 
variable and those predicted by the model (Freund and Wilson, 1998).  In the study, 
the dependent variable E will be the performance measure estimated using DEA, 
where there are n = 42 observation of the value for each year 1970 to 2011.  There 
are seven different sets of performance measures E.  Three are multiple energy 
services DEAs: one input-orientated and two output-orientated.   Four sets of 
performance measures are for space heating only: two input-orientated and two 
output-orientated.  Variables 𝑧𝑧2 … 𝑧𝑧𝑞𝑞  will be the influencing factors identified in 
Chapter 2 and discussed in the following section.      
The first part of the regression analysis stage will focus on simple linear regressions 
of explanatory variables against the seven different performance measures.  In 
simple linear regression the general model for the line of best fit is expressed as: 
E = a11 + a2z + ɛ 
Simple linear regression will be carried out with two different types of explanatory 
variables, as previously discussed:  variables which influence the level of energy 
service householders achieve in their homes and variables which influence the level 
of energy use and related emissions required to achieve a set level of energy 
services.  Subsequent multiple linear regressions will also focus on these two types 
of variable.  One set of regressions will examine economic and socio-economic 
variables considered to influence energy service levels.  Another set of multiple 
regressions will examine the relationship between performance measures and 
technical and structural variables considered to influence the level of energy use and 
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related emissions.  The results of initial simple linear regressions will to some extent 
determine the selection of variables for multiple linear regressions.  The following 
section discusses how ‘best subsets’ of variables can be selected in multiple linear 
regressions.       
Linear regression analysis is a well-established procedure for statistical modelling 
and as such this thesis will not go into great detail about the methods used in the two 
stage analysis, the results of which are presented in the following chapter.  General 
information on regression analysis procedures is taken from ‘Regression Analysis: 
Statistical Modeling of a Response Variable’ (Freund and Wilson, 1998).  All 
regressions of performance measure and influencing factors are carried out using 
the ‘lm’ (i.e. linear model) function in ‘R’ statistical computing software.  Additional 
coding allows for backwards elimination of explanatory variables to identify best 
subsets of particular categories of variables in multiple regressions of performance 
measures, and other statistical methods to identify optimum subsets.   
6.4.4 Explanatory variables subsets 
As discussed, in the second stage analysis of DEA performance measures the 
relationship between different influencing factors and sector efficiency will be 
investigated.  The explanatory variables that will be examined using linear regression 
have been identified through a literature survey and meta-review of studies of energy 
use and emissions in the UK residential sector (Chapter 2).  Chapter 5 discussed the 
variety of data sources available to represent different factors identified as 
influencing energy use and emissions.  Characteristics of the different data sets were 
presented in Figure 5.3.  
In this thesis, influencing factors fall into different categories.  These are namely, 
economic, socio-economic, structural, technical, policy and temperature.  Other than 
the influence of temperature, which is a non-discretionary, uncontrolled variable in 
the DEA, research hypotheses set out at the end of chapter 4 relate to these 
different categories of variables.  Broadly, these categories of factors can be 
considered in two ways: as factors which influence the level of energy service 
householders demand in their homes for a set level of energy and related emissions; 
as factors which influence the level of energy use and related emission required for a 
set level of energy service demand.  Economic and socio-economic factors mainly 
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influence the level of energy service demand whereas structural and technical 
factors largely influence the level of energy use and related emissions required.   
As figure 5.3 showed, there are a number of different data sets which can be used in 
the regression analysis which represent the different categories of variables 
mentioned above.  The large number of variables makes multiple regressions which 
represent all categories impossible.  For each performance measure generated by 
different DEA models there are only 42 observations of efficiency and hence to carry 
out multiple regressions with too many variables would lead to over-specified models.  
Some studies prefer to use Principal Component Analysis (PCA) to reduce the 
number of explanatory variables by variance weighted combinations of variables.  
While the resulting regression may have useful statistical properties for forecasting, it 
is of limited use in the context of this thesis because the generated explanatory 
variables have no clear social or economic interpretation and can offer no guide for 
policy analysis.  PCA is considered again below.  
An initial step to reduce the number of variables in the regressions is to split the 
analysis into two parts.  The first part will consider the economic and socio-economic 
variables which influence the level of service householders achieve.  The second 
part will consider the technical and structural factors which influence the level of 
energy use and related emissions for a set level of service.  This allows for an 
examination of related influencing factors while at the same time providing a basis 
for reducing variables in multiple regressions.   
To further reduce the number of variables in multiple regression analyses, data-
driven procedures, which use statistics from the analysis of the data, can be used.  
These procedures are straightforward to carry out using ‘R’ software to examine all 
possible combinations of variables and are described in more detail in the regression 
results section of chapter 7.  Comparison of the Cp statistic (proposed by Mallows in 
1973), a measure of total squared error for a subset model containing p independent 
variables is a procedure which can be used to select optimum subsets of variables in 
regressions.  In R software two additional packages, LEAPS and CAR, are used to 
perform regressions which identify the best subsets and allow for comparison of Cp 
statistics.      
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Another issue identified with regressions of the DEA performance measures in the 
second stage of the analysis is that of multicollinearity between different variables.  
Correlations between the data sets for different influencing factors are shown in 
Appendix C.  In summary, there are strong correlations between many of the 
explanatory variables in the analysis.  This is arguably not unexpected as many of 
the variables are measures of growth in the housing sector.  Household income and 
percentage of owner occupied households had a Pearson Correlation where r = 0.95 
on 42 observations.  Numerous technical variables such as number of households 
with gas central heating and combi-boilers have high Pearson Correlations as well.  
There are exceptions to the strong correlations between variables.  Gas and 
electricity energy price data showed a lower correlation with other factors, though 
gas and electricity prices had a Pearson Correlation where r = 0.40.  
To address multicollinearity issues, exploratory principal component analysis (PCA) 
procedures were used to examine correlation patterns and see if new sets of 
variables, linearly related to the original set of standardised variables, could be 
identified.  The results of exploratory PCAs were inconclusive, identifying new 
variables which contained most or all of the variables in the subset under 
investigation.  As a result, a decision was made to abandon PCA of variable subsets 
and instead to focus on variable selection in the multiple regression analysis with 
awareness of the possible impact of multicollinearity on the reported regression 
coefficients.  In addition to using the data driven variable selection procedures 
mentioned above, subsets were chosen which included the main drivers of energy 
use and emissions, as identified in the meta-review of study outputs.  This approach 
is appropriate because the aim of the research is to identify whether different factors 
have had an influence on the performance of the sector.  Additionally, results which 
show statistically insignificant relationships between variables and performance 
measures in multiple linear regressions are still valuable in terms of whether they 
support or refute the findings of previous studies.  
Selecting the ‘best subsets’ of variables, either those which influence energy service 
levels or those which influence energy use and emissions levels, in the regression 
analyses will allow for a comparison of the strength of relationship between different 
variables and DEA performance measures.  The relationships will be presented in 
the following chapter and discussed further in terms of to what extent they agree or 
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disagree with the finding of previous studies in Chapter 9.  Chapter 9 will also 
consider the implications of the regression results for designing policy aiming to 
improve energy efficiency and reduce sector emissions.  This will lead to the 
identification of a set of policy recommendations presented in the concluding chapter 
of this thesis.   
6.5 Summary 
6.5.1 DEA two-stage analysis overview  
This chapter has provided detail of the procedure for a two-stage analysis of the UK 
residential sector’s energy use and related emissions using the benchmarking 
method Data Envelopment Analysis (DEA).  Using the DEA method generates a 
performance measure of changing efficiency which describes how the sector has 
used resource inputs, energy and CO2 emissions to produce the energy service 
outputs householders achieve in their homes.  The DEA approach in this thesis is 
different from the standard DEA procedure which compares a sample of different 
organising units.  Instead, one organising unit, the UK residential sector, is compared 
each year between 1970 and 2011.  ‘Energy efficiency’ as discussed in Chapter 4, 
can be defined in different ways.  One reason for using DEA is to provide a new 
measure of energy efficiency which incorporates multiple measures of energy 
service use and therefore does not rely on an aggregate measure of output for the 
sector.   
The inputs and outputs for the DEA are derived from versions of the Kaya Identity 
extended to apply to service sectors such as the residential sector.  DEA allows for 
an extension of the efficiency indicator ratios of the Kaya identity because the 
method can handle multiple inputs and outputs.  Efficiency can be estimated relative 
to both energy use and the related carbon emissions in the sector and combining 
energy service outputs allows for a more comprehensive analysis of all energy end-
uses in the sector.  By including data related to energy end-uses in homes in a top-
down method for estimating performance efficiency, a new measure of efficiency is 
estimated which can offer new insights in to how householders have adapted to 
energy efficiency improvements in their homes.  Subsequent regression analysis 
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allows an examination of the influence of a range of factors on how householders 
adapt to technical changes.   
Building on a black-box diagram of how inputs are converted to outputs by the 
activity of the UK residential sector and householders (Figure 6.1), the chapter has 
outlined the mathematical linear programming method for DEA and has described a 
number of variations and assumptions in DEA modelling.  In the DEA of the sector 
there is an underlying ‘technology set’ which is defined (from Kaya) as the changing 
technology that determines the carbon intensity of the energy used for energy 
services in the sector between 1970 and 2011.   
The main assumption in modelling depends on whether scaling of the inputs and 
outputs is possible and hence whether the technology set is assumed to show 
constant returns to scale or whether variable returns to scale, where no degree of 
scaling is possible, is assumed.  Variable returns to scale has been assumed in this 
thesis because there are limits to both the maximum and minimum level of energy 
and related emissions that can be used and also limits to the level of energy services 
householders can demand.  This decision is supported by considering and justifying 
the use of different data sets to represent inputs and outputs in the analysis.  In 
addition, this chapter has identified the role of non-discretionary variables such as 
external winter temperature in the analysis and how they can be included as 
additional inputs in DEA programming.   
A significant proportion of this chapter has focussed on describing how efficiency is 
measured in input and output orientations using the DEA method.  Figures 6.3, 6.4 
and 6.5 show how efficiency is measured as the contraction or expansion of inputs 
or outputs required to project points in the DEA sample on to the best-practice 
frontier.  The diagrams showed simple DEA examples with, respectively, one input 
and one output, two inputs and one output, and two outputs and one inputs.  
Picturing how efficiency measurement works when there are multiple input and 
outputs, as in the DEA of the residential sector presented in this thesis, is 
complicated.  The diagrams provide a simplified depiction of the procedure.  When a 
radial DEA model is used, inputs and output are contracted or expanded 
proportionally along a straight line to or from the origin.  As discussed, efficiency 
scores are measured relative to a best-practice frontier, where sample points that lie 
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on the frontier are relatively efficient with efficiency equal to one.  In the input 
orientation, efficiency scores Ej ≤ 1, whereas in the output orientation, efficiency Fj ≥ 
1.   
Initial DEA modelling compared different input and output orientated models with 
multiple energy service outputs and space heating as the only output.  With the 
application of statistical tests which compare the sum of squares of sets of efficiency 
scores to determine whether they are significantly different, performance measures 
have been identified which will be examined in the second stage of the analysis.  
Section 6.4 considered the second-stage, post efficiency analysis of DEA 
performance measures and highlighted current arguments surrounding the use of 
efficiency scores in regression analysis.  The final part of the section discussed the 
procedure for the second-stage analysis and considered how to select appropriate 
subsets of variables in multiple regressions carried out in R coding software.  
Multiple regressions fall into two categories in the analysis: either explanatory 
variable are factors that influence the level of energy service required by 
householders for a set level of energy and CO2 or factors that influence the level of 
energy use and related emission for a set level of energy services.   
In the next chapter of this thesis the results of the two-stage analysis of the UK 
residential sector’s use of energy and related emissions inputs to produce energy 
service outputs will be presented.  Results fall into two parts related to the two 
stages of the analysis described in this chapter.  The first part of chapter 7 presents 
the results of DEA and compares the different performance measures generated by 
the procedure.  The second stage presents the regression results and considers 
different influencing factors and their relationship with performance measures for the 
UK housing sector.  Particularly in the second part of the results, the focus is one of 
proving or disproving the research hypotheses set out at the end of Chapter 4.  
Chapters 8 and 9 will discuss the results and consider the potential implications for 
policy.   
6.5.2 Using the DEA methods: decisions and justifications 
Using the DEA method to carry out a longitudinal analysis of the UK residential 
sector’s energy use and related emissions performance is a new approach to 
estimating the ‘energy efficiency’ of the sector.  This chapter has justified the use of 
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different data sets to represent inputs and outputs in the analysis and has identified, 
that particularly in respect to energy service outputs, all of the data sets are proxy 
measures.  This is because detailed, aggregate data which describes energy service 
demand in more detail is not available.  Though there are limitations to using proxy 
measures, the use of DEA to provide a new measure of efficiency has the potential 
to offer new insights into the sector.  Indeed one of the benefits of DEA is that it can 
handle multiple, disparate measures combined to give an overall measure of 
resources or services, therefore, it is appropriate to use the available data as long as 
the limitations of proxy measures are recognised.   
In addition to the use of proxy measures of energy service outputs, decisions have 
been made about various aspects of DEA modelling surrounding the inclusion of 
different variables, how to account for variables in R coding for DEA and returns to 
scale assumption about the best-practice frontier.  The decisions have been justified 
within the context of the UK residential sector and based on the findings and 
commentary in reports such as the UK Housing Energy Fact File (Palmer and 
Cooper, 2014). The extent to which the assumptions made in modelling are 
appropriate will be discussed further in conjunction with the results presented in 
Chapter 7 when more information is available.   
Section 6.4 discussed post-efficiency second stage analysis of efficiency scores 
using regression analysis methods and highlighted a disagreement in the literature 
on the use of DEA performance measures as the dependent variable in regressions.  
The disagreement between Simar and Wilson (2007), and Banker and Natarajan 
(2008) related to whether efficiency scores generated from DEA are a descriptive 
measure or not, and hence whether regressing efficiency, E, against explanatory 
factors is a good or faulty procedure.  An influential contribution by MacDonald 
concluded that DEA efficiency scores can be seen as a fractional transformation on 
the available data and therefore regression of efficiency scores is a suitable method.  
As discussed, other literature supports this decision. MacDonald (2009) also 
supported the use of ordinary least squares regression in the second stage DEA 
analysis.  The conclusions of section 6.4 were in agreement with MacDonald and as 
a result this thesis uses regression analysis to examine DEA performance measures 
and their relationship with numerous influencing factors.    
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Chapter 7: Results of the two-stage analysis 
Chapter Highlights 
Input and output orientated DEA efficiency trends; contrasting behaviours and 
rebound effects; regressions of influences of energy service demand; regressions of 
influences of energy demand and emissions; structural break tests and policy 
influences.  
7.1 Introduction 
Chapter 6 outlined a procedure for a two stage analysis of UK residential sector 
energy use and emissions.  In the first stage, Data Envelopment Analysis (DEA) is 
used to estimate a measure of the performance of the sector between 1970 and 
2001.  The performance measure describes how efficiently the sector has acted to 
convert resource inputs, total housing energy use and related CO2 emissions, into 
the energy service outputs that householders utilise in their homes.  In the second 
stage of the analysis, general linear regression is used to examine the variation in 
the measured performance of the sector in relation to a number of variables.  The 
influencing variables were identified through a meta-review of residential sector 
studies, presented in Chapter 2.  The results of this two stage analysis are presented 
in this chapter. 
The first part of this chapter focusses on the results of the first stage of the analysis 
which uses the DEA method in a new way to measure how the efficiency of the UK 
housing sector has changed over time.  Performance measures obtained describe 
the behaviour of the sector between 1970 and 2011 in delivering multiple energy 
services, space heating, hot water, cooking, lighting and electrical appliance use, to 
householders.  There are two different ways of orientating the DEA in the linear 
programming to generate performance measures: 
• Input-orientation 
• Output-orientation 
As discussed in Chapter 6, input and output orientated performance measures 
describe two different behaviours: firstly, how the UK residential sector has acted to 
reduce its energy consumption, and hence emissions, between 1970 and 2011 to 
achieve a set level of service or comfort (input-orientated); secondly, how the sector 
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has acted to increase comfort or service levels in homes for a set level of energy and 
related emissions between 1970 and 2011 (output orientated).  The distinction 
between the two efficiency measures is paramount when variable returns to scale 
are permitted (as discussed in Chapter 6) and limits imposed on the contraction or 
expansion of inputs or outputs towards the frontier defined by the best performing 
years in the sample.  Because two different behaviours are described by input and 
output orientated performance measures, it is possible that there will be different 
relationships with the second stage explanatory factors.   Different factors may have 
influenced householders to increase comfort levels rather than decrease energy use 
and emissions, and vice versa.    
In this chapter, input and output-orientated performance measures are presented for 
DEA models where there are multiple energy service outputs or outputs representing 
space heating service demand only.  Plots of DEA performance measures will show 
how UK housing sector efficiency behaviour, in terms of energy use and related 
emissions, has varied over time. 
In sections 7.3 and 7.4 of this chapter, the focus moves to the results of stage two of 
the analysis which uses linear regression to examine the relationships between 
performance measures and influencing variables.  The second stage of the analysis 
addresses the research hypotheses outlined at the end of Chapter 4: 
(Economic) Variation in the fuel price has had an impact on the efficiency of delivery 
of energy services in the UK residential sector.  
(Socio-economic) Changes to UK household income and tenure have had an 
impact on the efficiency of energy service demand in the UK residential sector. 
(Technical) Uptake of: (a) more efficient boilers; (b) more efficient electrical 
appliances; (c) central heating d) loft and wall insulation has had an impact on the 
efficiency of energy service demand in the UK residential sector.   
(Structural) Changes to the energy supply sector have had an impact on the 
efficiency energy service demand in the UK residential sector.   
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(Policy) Changes to the building regulations and introduction of energy efficiency 
schemes have had an impact on the efficiency of energy service demand in the UK 
residential sector. 
Stage two results are split into two sections based on the type of influencing variable 
considered.  Section 7.3 considers those variables which affect the level of energy 
services demanded by householders such as income and price (economic and 
socio-economic variables).  Section 7.4 considers variables which affect the level of 
energy and CO2 required for a set level of energy service such as emission factors of 
electricity and insulation levels in homes (technical and structural variables).  Both 
sections initially consider simple linear regressions of variables with multiple energy 
service input and output orientated DEA performance measures before moving focus 
to multiple regressions of groups of variables.  Multiple regressions consider both 
multiple energy service and space heating only performance measures.   
The final part of the chapter considers whether there have been any step-changes in 
UK residential sector efficiency in particular years between 1970 and 2011 which 
may coincide with particular policies or events.  Tests of regression equations will be 
used to examine whether the unexplained variation between efficiency and 
influencing variables in regression results changes in a particular year due to a 
structural break.  The results presented in this chapter will inform the discussion of 
the changing influence of different factors on sector efficiency and the implications 
for policy in Chapter 8, with reference to Chapter 3’s policy and events timeline.   
7.2 Stage 1: Data Envelopment Analysis 
7.2.1 Input orientated DEA results: multiple energy services 
The DEA method generated several sets of efficiency scores, either input or output-
orientated performance measures, for the UK residential sector between 1970 and 
2011.  Analysis has initially focussed on measuring the efficiency with which UK 
housing achieves multiple energy services (space heating, hot water, cooking, 
lighting and electrical appliances use) in homes with the input of energy and related 
CO2 emissions. Later, DEA performance measures for space heating only are 
considered.  In this section, input-orientated efficiency performance measures are 
presented.   
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Chapter 6 described the DEA approach taken in the research and identified an 
appropriate linear programming method for measuring input-orientated efficiency for 
multiple energy services.  The data sets, discussed in detail in previous chapters, 
which represent the observations of inputs and outputs in the analysis of 
performance, are summarised in Table 7.1 below.  Average external winter 
temperature is treated as an uncontrolled, non-discretionary variable, and therefore, 
included in the linear programming for an input-orientated DEA model as a negative 
output. 
 
The plot in Figure 7.1 shows the variation in input-orientated efficiency of the UK 
residential sector between 1970 and 2011, estimated using DEA.  The trend line 
shows efficient years lying on the best-practice frontier with relative efficiency equal 
to one (100%).  Inefficient years lie below the frontier and have efficiency of less than 
one.  Between 1970 and 1985 relative efficiency scores are fairly stable, varying by 
approximately 5% between 0.95 and 1.  In the 15 year period, years 1971, 1976, 
1981, 1984 and 1985 are 100% efficient relative to other years.  After 1985 relative 
efficiency generally decreases from 100% efficiency to just above 80% in 2001, the 
most inefficient year in the sample.  No years are relatively efficient during this period.  
From 2002 onwards there are signs that relative efficiency is increasing though there 
is greater variation in efficiency scores, between 85 and 100%, than in the first 15 
year period.  Years 2005, 2010 and 2011 are 100% efficient relative to other years.   
Inputs Outputs
Final energy use - housing (TWh) Number of bulbs
CO2 emissions from housing energy use (MtCO2) Number of wet appliances
Number of cold appliances
Number of cooking appliances
Number of consumer electronics/home computing 
appliances
UK population
Average internal winter temperature (°C)
Negative average external winter temperature (°C)
Table 7.1: Input and output data sets for input-orientated, multiple energy services performance 
measure 
Chapter 7: Results of the two-stage analysis 
200 
 
Figure 7.1 shows that between 1970 and 1985 the sector’s behaviour in terms of 
reducing energy use and emissions for a set level of comfort/service is relatively 
efficient in comparison with the rest of the time period.  From the mid-eighties until 
the early 2000s there is a trend of decreasing efficiency, suggesting that in this time 
period householders were less motivated to reduce their energy consumption and 
emissions to achieve energy service outputs.  From the early 2000s to 2011 there 
are signs of a change in householder behaviour, but efficiency improvements are 
erratic.  Instead of a gradual improvement in efficiency, some years are relatively 
very inefficient and other years relatively efficient, where efficiency is equal to one. 
The input-orientated efficiency trend in Figure 7.1 implies that the gradual technical 
energy efficiency improvements to the UK housing stock over the last 40 years, and 
the systems and appliances used within, have not necessarily translated into more 
efficient householder behaviour.  The relative efficiency of the earlier period is 
perhaps the most unexpected factor to emerge in light of the technical efficiency 
improvements highlighted earlier in the research but the erratic variation from year to 
year in the later period, and the middle period of relative inefficiency are also of 
interest.  Initially they suggest that other factors have influenced householder energy 
Figure 7.1: Input-orientated efficiency for multiple energy services in UK households, 1970-2011. 
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and emission reduction behaviour beyond the technical efficiency changes that have 
occurred in the sector.  The second stage of the analysis will examine the relative 
influence of these other factors in line with the five research hypotheses.   
7.2.2 Output-orientated DEA results: multiple energy services 
Using DEA, two sets of efficiency scores were obtained estimating output-orientated 
performance measures for the UK residential sector between 1970 and 2011.  Both 
sets measure the efficiency with which UK householders have achieved multiple 
energy services (space heating, hot water, cooking, lighting and electrical appliances 
use) in homes with the input of energy and related CO2 emissions.  As discussed in 
Chapter 6 output-orientated measures describe how the sector has acted to increase 
comfort and service levels for a set level of energy consumption and related 
emissions over a 40 year period. 
Chapter 6 described the DEA approach taken for measuring output-orientated 
efficiency.  Two different linear programming paths were identified; with and without 
UK population as an additional measure of energy service output, and both resulting 
performance measures are presented in this section.  The data sets have been 
discussed in detail in chapters 5 and 6, but input and output data sets for output-
orientated performance analysis are summarised in Table 7.2 below.  Average 
external winter temperature is treated as an uncontrolled, non- discretionary variable, 
and is included as an additional input in the linear programming for both output-
orientated DEA models. 
Table 7.2: Input and output data sets for output-orientated, multiple energy services performance 
measures 
* Output-orientated performance measure 2 only.   
Inputs Outputs
Final energy use - housing (TWh) Number of bulbs
CO2 emissions from housing energy use (MtCO2) Number of wet appliances
Average external winter temperature (°C) Number of cold appliances
Number of cooking appliances
Number of consumer electronics/home computing 
appliances
Average internal winter temperature (°C)
UK population*
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Figure 7.2 shows plots of the variation in output-orientated efficiency of the UK 
residential sector between 1970 and 2011, estimated using DEA.  As for the input-
orientated performance measure, efficient years lie on the best-practice frontier with 
relative efficiency equal to one.  Inefficient years lie below the frontier and have 
efficiency of less than one.   
The two sets of efficiency scores, output orientated performance measures 1 and 2 
are generated from DEA models including the input and output variables in Table 7.2.  
They are differentiated by the inclusion or exclusion of the population proxy output 
for hot water demand in linear programming which is included in performance 
measure 2 only (see discussion in section 6.2.4).  The inclusion of the population 
data proxy had a greater impact on output orientated efficiency scores than its 
inclusion had on the input orientated efficiency measures and therefore both sets of 
scores are considered in the analysis. This allows for a comparison between models 
where the effect of population growth is incorporated in or excluded from the 
measure of efficiency.    
For both output-orientated measures, the period between 1970 and 1986 sees the 
greatest variation in efficiency scores, by nearly 20% (0.8 to 1) for performance 
measure 1 and 10% (0.9 to 1) for performance measure 2, with the additional 
population constraint,.  In this period, years 1971, 1976, 1981, 1984 and 1985 are 
relatively efficient where efficiency is equal to one, and 1974 and 1977 are the most 
inefficient years for both measures.  From 1986 up to 2011, efficiency gradually 
increases from approximately 83% for measure 1 and 90% for measure 2 to 100% 
efficiency.  In the latter part of the 25 year period, years 2002, 2005, 2010 and 2011 
are 100% efficient relative to other years.  From 1997 the trends of improving 
efficiency for the two performance measures broadly converge.   
The general trend for both performance measures is largely the same; a period 
between 1970 and 1986 where the sector is largely inefficient but with 100% efficient 
years. Following this period of erratic behaviour, the sector is initially inefficient but 
shows increasing efficiency up to 2011 from approximately 1987 onwards.  The 
gradual improved performance in the latter period suggests that householders have 
been motivated to increase their level of comfort/service for a set level of energy and 
related CO2 emissions.    
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The inclusion of the UK population output in performance measure 2 has led to a 
closer envelopment of observations by the best-practice frontier in the DEA and a 
rise in average efficiency.  The closer envelopment of points is most obvious in the 
1970s and 1980s where the variation between the two sets of efficiency scores is 
greatest.  In contrast, towards the end of the time period the two sets of performance 
measure converge on a trend of steadily improving efficiency.  Including the UK 
population output measure leads to less variation over the time period, with 
efficiency ranging between 90% and 100%, in comparison with the unrestricted 
performance measure where efficiency varies by approximately 20% instead.    
 
Figure 7.2: Output-orientated efficiency for multiple energy services in UK households, 1970-
2011 
PM1 – output-orientated performance measure 1, with input and output variables in Table 
7.2, excluding UK population. 
PM2 – output orientated performance measure 2, with input and output variables in Table 
7.2.  
Overall, the output-orientated performance measures show that householder 
behaviour, in terms of achieving multiple energy services, has become increasingly 
efficient since the 1990s following an earlier period of erratic efficiency behaviour.  
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When considered in relation to the technical energy efficiency improvements outlined 
in the research this is perhaps the expected outcome.  As discussed in Chapter 6, 
the technological improvement which underlies the DEA models of the residential 
sector has influenced the carbon intensity (CO2/E in the Kaya identity) of energy 
used in the residential sector and hence is relative to the performance measure 
obtained.  The gradual improvement from approximately 1991 reflects the improved 
technical efficiency of UK homes and the appliances and systems used within 
between 1970 and the present, discussed in Chapter 2.  The contribution of technical 
improvements to UK housing efficiency in comparison with other socio-economic and 
policy factors will be considered in the second stage of the analysis and presented in 
the second half of this chapter. 
7.2.3 Input versus output orientated results: multiple energy services 
The results of DEA modelling of the UK residential sector show that there are 
contrasting trends between input and output-orientated performance measures.  The 
main difference between the two types of performance measure is the increasing 
efficiency seen in the output-orientated performance measures over the last 25 years 
in comparison with decreasing and erratic efficiency in the input-orientated 
performance measure in the same period.  Figure 7.3 displays the input and output 
orientated efficiency measures on one plot for comparison. This contrast between 
results represents a disparity between two different behaviours in the UK housing 
sector: firstly, energy and emission reduction behaviour described by the input-
orientated performance measure; secondly, increasing comfort or service level 
behaviour, described by the output orientated performance measures.   
Though the overall trends of the performance measures are different, there are 
similarities.  Firstly, in both output and input-orientated efficiency measures particular 
years are relatively efficient (where efficiency is equal to one) 1971, 1976, 1981, 
1982 and 2005, 2010 and 2011.  This suggests that in these years there are factors 
influencing the peaks in efficiency in both input and output-orientated behaviour 
which have less of an influence in other years.  Secondly, between 1970 and 1988 
the trends for both input and output-orientated measures are similar in terms of 
peaks and troughs in efficiency.  After this point, though years when the sector is 100% 
efficient coincide, the overall trends diverge.  This suggests that the two behaviours, 
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energy consumption and emissions reduction, and increasing comfort/service levels, 
are affected differently by influencing factors after this point.   
The second stage of the analysis will examine these points and aim to determine the 
factors which have influenced the similarities and differences between input and 
output-orientated performance measures.  Perhaps the main point to consider in 
further analysis, arising from comparison of the different trends, is whether there are 
implications for policy of the apparent reduction in input-orientated efficiency since 
the late 1980s?  The trend for UK households to increasingly act to improve comfort 
levels, while at the same time not acting to improve energy consumption and 
emission reduction behaviour needs to be investigated further.  Initially, it supports 
the presence of direct rebound effects in the sector, whereby savings from technical 
efficiency improvements have been used to increase comfort levels in homes rather 
than reduce overall energy consumption and emissions.  This also requires further 
investigation. 
Input – input orientated performance measure. Output pm1 – output-orientated performance 
measure 1.  Output pm2 – output-orientated performance measure 2. 
Figure 7.3: Input and output-orientated efficiency for multiple energy services in UK households, 
1970-2011 
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Another point to consider in further analysis and discussion is the impact of 
continued UK population growth and subsequent increased demand for energy 
services in homes.  If householders are acting to increase comfort/service levels 
more efficiently but not acting to reduce energy and CO2 levels, increasing 
population is likely to lead to increasing demand overall despite efficiency 
improvements.  This has implications for energy and climate change policy now and 
in the future.   
7.2.4 DEA results: space heating energy service only 
The main focus of the first stage of the analysis, DEA, has been on measuring the 
efficiency with which the UK housing sector achieves its multiple energy services; 
space heating, hot water, cooking, lighting and electrical appliances.  In the meta-
review in Chapter 2, studies examined changing service levels in the sector using 
different measures such as the changing number of centrally heated homes.  As 
discussed, space heating energy demand comprises the majority of UK housing 
sector total energy use (approximately two-thirds), so there is an argument for using 
DEA to examine space heating energy service output only.  Previous analysis has 
focussed on all services partly due to the comparatively high contribution to energy 
related emissions from electrical appliance and lighting use and also to ensure a 
comprehensive sector analysis.  This section will examine the results of space 
heating energy service-only DEA programming to allow for a comparison with 
multiple energy service results.   
Two different proxy measures of space heating service output from 1970 to 2011 
were used in the analyses.  Both the number of UK households with central heating 
and internal temperatures during the heating season were identified as measures of 
service level in studies examined in the meta-review in Chapter 2.  Data sets for both 
have been discussed in Chapter 5 and Chapter 6 justified their use as proxy 
measures of energy service outputs in a DEA of the UK residential sector.  
Table 7.3, below, summarises the data sets used to represent input and outputs in  
space heating energy service DEA models when number of households with central 
heating is used as the proxy output measure .  Figure 7.4 shows the resulting input 
and output-orientated efficiency measures.   
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Table 7.3: Input and output data sets for input and output-orientated space heating energy 
service (central heating) performance measures. 
 
*Input-orientated performance measure only. 
**Output-orientated performance measure only. 
Overall, the two performance measures in Figure 7.4 show similar trends to the 
multiple energy services measures presented in previous sections.  For the input-
orientated performance measure, a relatively efficient period in the 1970s followed 
by a period of decline after 1985 and then an increase from 2004 onwards.  Between 
1970 and 1985 efficiency scores vary between 100% and approximately 93%. From 
1985 to 2004 relative efficiency scores decrease by just over 20% (1 to 0.78) before 
increasing up to 100% in 2010 and 2011.   
Inputs Outputs
Final energy use - housing (TWh) Number of households with central heating
CO2 emissions from housing energy use (MtCO2) Negative average external winter temperature (°C)*
Average external winter temperature (°C)**
Figure 7.4: Input and output-orientated efficiency for space heating energy service (central 
heating), in UK households, 1970-2011. 
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Input (CH) and Output (CH) – input and output orientated performance measures for space 
heating service-only with number of houses with central heating as the output variable.  
For the output-orientated measure, the trend is for erratic efficiency followed by a 
gradual increase in efficiency from the late 1980s onward.  The range of efficiency 
scores for the output-orientated efficiency varies by nearly 60% between 1970 and 
1985; a much greater variation than in other performance measures.  Because there 
is only one set of service level output observations the DEA best-practice frontier is 
less restricted than in other DEA models but the overall efficiency trend is the same 
as other output-orientated measures. From 1986 onwards, efficiency gradually 
improves from approximately 63% to 100%.  Over the 41 year period, year 1971, 
1976, 1981, 1984 1985. 2010 and 2011 are 100% efficient for both performance 
measures.   
In table 7.4, a summary of data sets used to represent input and outputs to estimate 
input and output-orientated performance measures for UK households’ space 
heating energy service with average internal temperature as the service level output, 
is presented.  Figure 7.5 shows the resulting input and output-orientated 
performance measures.   
Table 7.4: Input and output data sets for input and output-orientated space heating energy 
service (internal temperature) performance measures. 
 
*Input-orientated performance measure only. 
**Output-orientated performance measure only. 
The overall trends for input and output-orientated performance measures when 
internal temperature is the only service level output are very similar to the 
performance measures for multiple energy service outputs presented in previous 
sections.  One noticeable difference in comparison with the central heating based 
performance measure is the smaller range of efficiency scores: scores range from 
approximately 80% to 100% efficiency.  Similarly to performance measures for 
multiple energy services, there are peaks in efficiency in the later period of the 
analysis where relative efficiency is equal to one for both input and output orientated 
Inputs Outputs
Final energy use - housing (TWh) Average internal winter temperature (°C)
CO2 emissions from housing energy use (MtCO2) Negative average external winter temperature (°C)*
Average external winter temperature (°C)**
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measures.  This is in contrast with central heating performance measures where 
there is a gradual increase in efficiency in the output-orientation, and a gradual 
decrease followed by an increase in the input-orientation, without the intermittent 
peaks of the internal temperature performance measure. 
The second stage of the analysis will consider both multiple and single energy 
service performance measures and will examine the different relationships with 
influencing factors.  The results can provide information on whether the influences of 
space heating energy service demand are different from the influences of multiple 
energy service demand.  The results of the second stage regression analysis of 
different performance measures are presented in the second half of this chapter.   
Input (Int T) and Output (Int T) - input and output orientated performance measures for 
space heating service-only with ‘internal winter temperature’ as the output variable. 
7.2.5 Efficiency change 1970-2011: conclusions 
In the first stage of the analysis, DEA has been used to generate a measure of the 
behaviour of the UK residential sector in terms of its use of energy and related CO2 
emissions between 1970 and 2011.  The efficiency measures describe two different 
Figure 7.5: Input and output-orientated performance measures for space heating energy service 
(internal temperature), in UK households, 1970-2011 
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behaviours: input-orientated efficiency measures describe the sector’s energy and 
emission reduction behaviour; output-orientated efficiency measures describe the 
sector’s increasing comfort/service level behaviour.  Overall, results measuring the 
performance for either multiple energy services (space heating, hot water, cooking, 
lighting and electrical appliance use) or space heating service-only show similar 
trends, depending on whether they are describing input or output-orientated 
behaviour.  The general trends are improving efficiency in terms of householder 
behaviour to increase comfort/service levels in homes (output-orientated); 
decreasing and erratic efficiency in terms of how householders behave to reduce 
energy use and CO2 emissions in homes (input-orientated).   
In the next stage of the research, regression analysis will be used with the aim of 
explaining the variation in efficiency behaviour over the time period, as well as the 
variation between different measures.  In the first stage of the analysis the results 
have highlighted the possibility of rebound effects in the sector, as mentioned earlier 
in the chapter.  The erratic and decreasing energy and emission reduction behaviour 
(input-orientation) suggests that technical efficiency improvements to the building 
stock and the systems and appliances within may not have had the desired impact.   
Other factors may have counteracted the impact of technical efficiency 
improvements by motivating householders to increase comfort levels rather than 
reduce energy consumption.  One objective of the next stage of the analysis will be 
to identify these factors and their relative effect.   
In terms of energy and climate change policy, there are implications if, in the long 
term, technical efficiency improvements correspond with improving comfort level 
rather than reducing energy use.  This is particularly true if continuing population 
increase is taken into account.  In the long term, energy demand and emission 
reductions are unlikely to meet the levels required to meet UK targets if energy 
savings are used to improve comfort levels.  Examination of performance measures 
at the end of the period in the analysis perhaps give some reason to hope that there 
will not be a continuing pattern of erratic or declining ‘energy and emissions 
reduction’ efficiency behaviour.  In general, input-orientated efficiency scores appear 
to be improving in the end period of the analysis.  Future estimation of efficiency 
behaviour when new data is available will be able to identify continuing trends. 
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7.3 Stage 2: Regression analysis with socio-economic variables 
7.3.1 Variables affecting the level of energy service demand: simple linear 
regression 
The literature survey and meta-review in Chapter 2 identified numerous factors 
which studies of the UK residential sector have proposed as influences of energy 
demand and emissions in the sector.  Results of the second stage of the two-stage 
DEA of UK housing, presented in this chapter, explore the relationships between the 
influencing factors identified and the performance measures of UK residential sector 
efficiency estimated in stage one.  The analysis uses simple and multiple linear 
regressions to investigate the correlation between efficiency scores and influencing 
factors, and identify significant variables.  The results from the second stage are 
presented in two parts.  The first part, in section 7.3, focusses on the influence of 
economic and socio economic variables.  The second part, presented in section 7.4, 
focusses on the impact of technical and structural variables.  Section 7.5 of this 
chapter brings the results of both stages of the DEA analysis together to consider the 
evidence for policy impacts on UK residential sector efficiency.   
As discussed, two types of performance measure describe two different behaviours 
of householders between 1970 and 2011: input-orientated measures describe 
behaviour in reducing energy consumption and related emissions; output-orientated 
measures describe increasing comfort/service level behaviour.  Along similar lines, 
the influencing factors identified can broadly be considered to fall into two separate 
categories: economic/socio-economic factors and technical/structural factors.  The 
first of these categories considered in this section of the chapter includes those 
factors which influence the level of comfort/service householders achieve in their 
homes; factors such as the price of energy and household income as well as year to 
year change in external temperatures during the heating season.  The second of 
these categories includes those factors which influence the amount of energy use 
and related emissions required to achieve a set level of energy services in homes. 
These are largely factors related to the condition of homes and the carbon intensity 
of the UK’s energy supply.   
 
Chapter 7: Results of the two-stage analysis 
212 
 
To investigate the influence of socio-economic variables, initial, simple linear 
regressions estimate the correlation between factors which affect the level of energy 
services achieved and the input and output-orientated performance measures for 
multiple energy services.  Table 7.5 summarises the variables in regression models 
where performance measures are the dependent variable, and economic and socio-
economic factors are the explanatory variables.  The results, presented in Table 7.6 
below, identify the existence and direction of relationships between variables and 
performance measures.  In addition, these results are used to inform the selection of 
Name Description Variable
Input Input-orientated performance measure: multiple energy services yIn1
Output1 Output-orientated performance measure 1: multiple energy services yOut1
Output 2 Output-orientated performance measure 2 (with population proxy): multiple energy services yOut2
Input (CH) Input-orientated performance measure: space heating service only (central heating) yIn3
Output (CH) Output-orientated performance measure: space heating service only (central heating) yOut4
Income Real per annum household disposable income per head (£) xinc
Gas price Average UK household fuel price for gas p/kWh xgp
Electricity price Average UK household fuel price for electricity p/kWh xep
Household size Average number of occupants per household in the UK xhh
External winter 
temperature
Average external winter temperature (°C) xext
Mean air 
temperature
UK mean air temperature (°C) xma
Owner Occupied Proportion of UK households which are owner occupied. xproo
Privately rented Proportion of UK households which are privately rented xprpr
Local authority Proportion of UK households which are local authority xprla
Table 7.5: Dependent and explanatory variables in economic/socioeconomic regression 
analyses. 
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variables for multiple linear regressions of factors, the results of which are presented 
in sections 7.3.3 and 7.3.4 of this chapter.   
In Table 7.6, results of simple linear regressions for price, income, average 
household size (number of occupants), household tenure (owner occupied, privately 
rented and local authority) and temperature variables are shown.  Results shown are 
for the three multiple energy service models: the input orientated performance 
measure (Input); output-orientated performance measure 1 (Output 1) and output-
orientated performance measure 2 (Output 2). Results are only included where the 
p-value was less than 0.1 (if the p-value is equal to or smaller than the significance 
level (5%) it suggests that the observed data are inconsistent with the assumption 
that the null hypothesis is true, i.e. that there is no relationship between the 
explanatory variable and the dependent variable, and, therefore, the null hypothesis 
is rejected).  Regression estimates for gas and electricity expenditure were not 
included in Table 7.6 because for all performance measures p-values were 
insignificant (˃0.1).   
For the input-orientated multiple energy service performance measure examined in 
the initial regression analysis, significant correlations, where p-value is less than 0.05, 
exist for all variables except electricity price.  The regression coefficient β (a 
parameter which represents the rate of change of the dependent variable (efficiency) 
as a function of changes in the explanatory variable) is negative for household 
income, both external temperature variables and the proportion of owner-occupied 
households.  As both household income and the proportion of owner-occupied 
households have increased over the 40 year period, the negative value of β 
suggests this correlates with a decrease in input-orientated efficiency.  The input-
orientated measure show a strong positive correlation with gas price (p-value of 
0.0001) initially suggesting that times of higher gas price correlate with improved 
efficiency. 
For the regression results of the output-orientated performance measures, the most 
obvious difference between results at this stage of the analysis is that there are 
fewer correlations with the socio-economic and temperature variables examined.  
For output-orientated performance measure 2, where population data was included 
as a proxy output measure of hot water energy service, there are significant 
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correlations, where p-value ≤ 0.05, with household income and proportion of 
privately rented households only.  For output-orientated performance measure there 
are significant correlations with income, household size, proportion of local authority 
households and the mean air temperature.   
Table 7.6: Regression results for multiple energy service performance measures and 
variables which influence the level of energy service demand.   
Input Output 1 Output 2
Income
ᵝ (10-6) -7.85 8.20 2.81
p-value 0.0006 0.0006 0.05
R2 (adj) 0.24 0.24 0.07
Gas price
ᵝ (10-2) 5.18 - -
p-value 0.0001 - -
R2 (adj) 0.31 - -
Electricity price
ᵝ (10-3) 8.90 - -5.40
p-value 0.08 - 0.08
R2 (adj) 0.05 - 0.05
Household size
ᵝ 0.17 -0.11 -
p-value 0.0001 0.02 -
R2 (adj) 0.32 0.11 -
Ext winter temperature
ᵝ (10-2) -2.85 - -
p-value 0.007 - -
R2 (adj) 0.15 - -
Mean air temperature
ᵝ (10-2) -3.53 3.34 -
p-value 0.008 0.02 -
R2 (adj) 0.14 0.11 -
Owner occupied
ᵝ -0.45 0.20 -
p-value 0.0000 0.09 -
R2 (adj) 0.39 0.05 -
Privately rented
ᵝ 0.72 - 0.39
p-value 0.0005 - 0.002
R2 (adj) 0.25 - 0.20
Local authority
ᵝ 0.28 -0.31 -0.11
p-value 0.002 0.0009 0.06
R2 (adj) 0.19 0.22 0.06
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In general, the sign on the regression coefficient for regressions of output-orientated 
performance measures is the opposite than for the input-orientated performance 
measure.  For household income and mean air temperature β is positive, and 
negative for average household size and proportion of local authority households.  
This initially suggests that improved output-orientated efficiency correlates with 
smaller average household size and fewer local authority households, both of which 
have decreased between 1970 and the present.  In comparison, as household 
income has increased so has output-orientated performance.   
In section 7.3.2 the second stage analysis of the relationship with variables affecting 
the level of comfort/service achieved in homes will be extended, using multiple 
regressions to identify the relative significance of influencing factors.  Gas and 
electricity expenditure will not be considered further for either input or output-
orientated measures partly because all p-values were insignificant.  In terms of the 
effect on comfort/service levels achieved in homes, expenditure can be seen as both 
having an impact on energy demand and being a consequence of energy use, and 
hence is also influenced by efficiency improvements.  Additionally, electricity 
expenditure is strongly correlated with electricity price (see Chapter 6).  Therefore, in 
addition to the insignificant regression results, there are other reasons why it seems 
appropriate to remove these variables from the regression and reduce the number of 
variables examined in the multiple regressions.   
7.3.2 The influence of socio-economic variables on input orientated efficiency 
In the previous section, the relationship between variables designated as affecting 
the level of energy service in homes and input and output-orientated performance 
measures was investigated.  The linear regressions of single independent variables 
gave initial insight into relationships with the performance measures obtained in the 
first stage of the analysis.  In this section, multiple regressions investigate the 
relationship between input-orientated efficiency and socio-economic factors in more 
detail. 
The focus of this section is on the influence of factors related to price, income, and 
household demographics (size and tenure), with the additional inclusion of external 
temperature.  In the Chapter 6 discussion of the regression method for the second 
stage of the analysis, issues related to multicollinearity (the existence of high 
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correlations among independent variables in a regression model) were discussed.  
There are strong correlations between socio-economic variables such as household 
income, average number of occupants and the proportion of owner-occupied homes.  
In exploratory analysis of different multiple regressions models using the identified 
socio-economic variables the search for an appropriate model to describe changes 
in input-orientated efficiency is affected by high correlations between independent 
variables.   
When testing the input-orientated performance measure for multiple energy services 
against socio-economic variables, initial results with all variables (income, gas and 
electricity price, average household size, temperature and proportion of owner 
occupied, privately rented and local authority homes) showed no significant 
relationships (p-value<0.05) with any individual variables.  Initially, exploratory 
analysis using backward stepwise regression reduced the number of independent 
variables in the regression model.  An issue recognised in using this method is that 
there could be a large number of regression models with different subset 
combination of variables with similar levels of ‘goodness of fit’.  This can make 
variable selection for the ‘best’ model by this method somewhat arbitrary.   
Further exploratory analysis using an ‘all subsets’ method of modelling using ‘R’ 
software identified that there were indeed numerous models for different sizes of 
subset with very similar adjusted R-squared values.  To aid selection of the best 
subsets of variables, estimates of the Mallows Cp statistic, a measure of the total 
squared error for subset models containing p independent variables, were compared.   
(Note: the Cp statistic estimates the average Mean Square Error (MSE) of Prediction: 1
𝜎𝜎2
��𝐸𝐸(𝑦𝑦�𝑖𝑖 − 𝐸𝐸𝑦𝑦𝑖𝑖)�2𝑖𝑖=𝑁𝑁
𝑖𝑖=1
 
And this can be estimated by the Cp statistic: 
𝐶𝐶𝑝𝑝 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝜎𝜎�2 + 2𝑜𝑜 − 𝑁𝑁 
Here, 𝜎𝜎�2 is from the model with all predictors, and 𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝 is from the model with p 
parameters.  For the full model Cp = p. If a p predictor model fits then 𝐸𝐸�𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝� =
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(𝑁𝑁 − 𝑜𝑜)𝜎𝜎2 and then �𝐶𝐶𝑝𝑝� ≈ 𝑜𝑜 . A model with a bad fit due to under or over-
specification of variables will have a Cp much bigger or smaller than p.) 
When comparing the Cp statistic for the top five ‘best’ subsets of economic/socio-
economic variables for each subset size, results showed that models with more than 
two variables (p ˃ 2) had similar values.  Therefore, it was impossible in this 
circumstance to identify a regression model with an optimal fit.  When p ˃ 2, the Cp 
statistic was less than p+1 and hence these models can be said to be over-specified.  
For the ‘best’ subsets with 1 or 2 independent variables, the Cp statistics were 
greater than (p+1) providing evidence that the models are underspecified.   
In light of these exploratory analyses and the difficulty in finding a suitable method 
for variable selection, a decision was made to confine the number of variables in the 
regression to those most frequently identified in the meta-review as influencing 
variables.  Therefore, household disposable income, gas and electricity price, and 
external winter temperature variables became the focus of multiple regression 
analysis of the input-orientated performance measure.  The results of the analysis 
are shown in Table 7.7.  As can be seen, gas price and income both show significant 
relationships in the multiple regressions with p-values of less than 0.05.  
Temperature and electricity price statistics were not significant.  The adjusted R-
squared value for the model was 0.41, with a p-value for the model fit of less than 
0.001.  This suggests that 41% of the model fit can be accounted for by the variables 
in the model.   
For comparison, a model including only gas price and household disposable income 
as independent variables was estimated.  The results are also shown in table 7.7 
and show that both external temperature and electricity price variables can be 
omitted from the regression with no detrimental impact on the fit of the model and 
increased statistical significance for gas price and income (smaller p-value).   
The regression coefficient β can be used to estimate the elasticity of household 
energy efficiency behaviour (energy and emissions reduction) with respect to both 
price and income variables.  In a linear regression, the interpretation of the linear 
regression coefficients is always: 
𝛽𝛽𝑘𝑘 =  𝜕𝜕𝑦𝑦𝑖𝑖𝑖𝑖 𝜕𝜕𝑥𝑥𝑘𝑘𝑖𝑖𝑖𝑖⁄  
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Where the model is:    
𝑦𝑦𝑖𝑖𝑖𝑖 =  𝛼𝛼 +  �𝛽𝛽𝑘𝑘 𝑘𝑘=𝐾𝐾
𝑘𝑘=1
𝑥𝑥𝑘𝑘𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖 
There are k independent variables x, the error term is ε and the subscripts i and t 
represent different observations across space and time.   
The elasticity of y with respect to xk can be defined as the percentage change of y 
when xk increases by one unit.   
The results in table 7.7 are for two models: 
Input1: E(yIn1) = α + β1 xinc + β2 xgp + β3 xep + β4 xext + ε 
Input2: EyIn1) = α + β1 xinc + β2 xgp + ε 
Where E(yIn1) is the input-orientated efficiency measure. 
Household disposable income levels are measured in £s and therefore one unit 
equals £1. The income elasticity with respect to input-orientated efficiency is 
calculated as a 0.0005% decrease in efficiency per unit increase in household 
disposable income in Input model 1, and 0.0006% decrease in Input model 2.  If 
household income is considered in thousand £ units then this equates to a 0.5% and 
0.6% decrease in efficiency score per £1000 increase in household income for 
models 1 and 2 respectively.  Over the period 1970 to 2011 real household 
disposable income (base year 2013) has increased by approximately £10000 per 
household.   
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The finding that increasing average incomes (economic growth) corresponds with 
decreasing efficiency is perhaps unexpected and, in terms of policy, possibly 
worrying.  The UK Housing Energy Fact File identifies that wealthier households 
spend more on energy than lower income households but expenditure is a smaller 
proportion of household earnings (Palmer and Cooper, 2014, p 30-31).  The 
regression results suggest that increasing incomes lead to more wasteful energy and 
emission reduction behaviour (lower efficiency), perhaps because households 
become less careful.  This has implications for policy in terms of whether economic 
growth and meeting environmental targets are compatible objectives and will be 
explored further in Chapter 8.  
significance levels: *** < 0.001, ** <0.01, * < 0.05, .<0.1 
Input 1:  yIn1 = α + β1 xinc + β2 xgp + β3 xep + β4 xext   
Input 2:  yIn1 = α + β1 xinc + β2 xgp 
The gas price elasticity with respect to input-orientated efficiency can be calculated 
in the same way using the regression coefficients of 0.0406 and 0.0418 for Input 
Table 7.7: Multiple regression results for input-orientated multiple energy service performance 
measure with variables influencing the level of energy service demand. 
 
Input1 Input 2
Income
ᵝ (10-6) -5.31 -5.73
p-value 0.01 * 0.005 **
Gas price
ᵝ (10-2) 4.06 4.18
p-value 0.002 ** 0.0007 ***
Electricity price
ᵝ (10-3) -3.50
p-value 0.5
Ext winter temperature
ᵝ (10-2) -1.25
p-value 0.2
adj R2 0.41 0.42
p-value (on adj R2) 0.0001 0.0000
Chapter 7: Results of the two-stage analysis 
220 
 
models 1 and 2 respectively.  The units for the (deflated) gas price are pence/kWh.  
Gas price elasticities are calculated as a 4% increase in efficiency per 1p increase in 
the average gas price per kWh.  Deflated gas prices have varied by approximately 
2.5p over the period of the analysis.  These results are in line with results reported in 
previous studies which identify the same direction for the relation between price and 
energy demand.   
The regression results and elasticity estimates presented here support the 
contention that both household disposable income and the price of gas have had 
significant impacts of the input-orientated efficiency of the UK residential sector.  
Chapter 8 discusses the results in more detail.  The relationships between the input-
orientated performance measure for multiple energy services and the price of 
electricity and the external winter temperature are not statistically significant.  In the 
following section multiple regression analysis will be used to examine the 
relationships between output-orientated performance measures and economic and 
socio-economic variables.   
7.3.3 The influence of socio-economic variables on output orientated efficiency 
Similarly to the procedure for multiple regressions of the input-orientated 
performance measure, exploratory analyses were carried out to select variables to 
best model the variation in the two output-orientated multiple energy service 
performance measures between 1970 and the present.  Initial multiple regressions 
against eight independent variables (income, gas and electricity price, household 
size, external temperature and proportion of owner occupied, privately rented and 
local authority households) for both performance measures are shown in Table 7.8 
below.   
The results show relationships between output-orientated performance measures 
and the socio-economic and temperature variables in multiple regression models.  
The regression model for output-orientated performance measure 2, where the 
population proxy output for hot water demand is included, has a better fit than 
performance measure 1 with an adjusted R-squared value of 0.47 in comparison 
with 0.39.  Performance measure 2 shows significant relationships (p-value <0.05) 
with household disposable income, external winter temperature and proportion of 
privately rented homes.  Weaker relationships, where p-value is <0.1, are identified 
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with proportion of owner occupied homes and average household size (number of 
occupants).  Output-orientated performance measure 1 shows significant 
relationships with income and proportion of privately rented homes, and a weaker 
relationship with household size.   
Significance levels: *** < 0.001, ** <0.01, * < 0.05, .<0.1 
Output 1: yOut1 = α + β1 xinc + β2 xgp + β3 xep + β4 xhh + β5 xext + β6 xproo + β7 xprpr + β8 
xprla 
Output 2: yOut2 = α + β1 xinc + β2 xgp + β3 xep + β4 xhh + β5 xext + β6 xproo + β7 xprpr + β8 
xprla 
Output 1 Output 2
Income
ᵝ (10-5) 7.18 3.86
p-value 0.03 * 0.03 *
Gas price
ᵝ (10-2) 3.88 1.38
p-value 0.2 0.4
Electricity price
ᵝ (10-3) 1.78 0.26
p-value 0.9 1.0
Household size
ᵝ 0.91 0.54
p-value 0.10 . 0.07 .
Ext winter temperature
ᵝ (10-2) -1.46 -1.36
p-value 0.2 0.03 *
Owner occupied
ᵝ -2.12 -1.35
p-value 0.2 0.09 .
Privately rented
ᵝ -3.39 -1.85
p-value 0.04 * 0.04 *
Local authority
ᵝ 0.71 -0.57
p-value 0.6 0.5
adj R2 0.39 0.47
p-value (on adj R2) 0.001 0.0002
Table 7.8: Multiple regression results for output-orientated multiple energy service performance 
measures 1 and 2 with variables influencing the level of energy service demand. 
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As for simple linear regressions Output 1 refers to output-orientated performance measure 1 
and Output 2 refers to output-orientated performance measure 2.  
Methods to compare all subsets were used to identify ‘best’ fit models with fewer 
variables using ‘R’ software.  For output-orientated performance measure 1, 
identification of the five ‘best’ models of different size subsets and subsequent 
plotting of the Cp statistic, the total squared error for subset models containing p 
independent variables (see explanation in previous section), identified a ‘best’ fit 
model containing five variables.  For the model, Cp was approximately equal to 5, 
approaching the value of p+1 (6), and could be differentiated from the next best 
models in the p = 5 subset.  For performance measure 2, the ‘best’ fit model of 
subset size 6 had a Cp value approaching 7, though there was less differentiation 
with the next ‘best’ model.  The results of multiple regressions with these ‘best’ 
subsets for performance measures 1 and 2 are shown in Table 7.9.  Additionally, the 
results of multiple regressions with the key variables identified, household disposable 
income, gas and electricity price, and external winter temperature, (and examined in 
the input-orientated multiple regression analysis) are also presented.   
For output-orientated performance measure 1, model 1 in table 7.9 shows the ‘best’ 
fit regression with an R-squared value of 0.4.  There are statistically significant 
relationships with income, gas price and proportion of owner occupied and privately 
rented household, where the p-value is less than 0.05.  There is a weaker 
relationship with the fifth variable, average household size (p ≤ 0.1).  Income shows 
the most significant relationship (p-value <.0.01).  In comparison, model 2 shows a 
reduced level of fit (adjusted R-squared value of 0.3) for the ‘key variables’ model 
suggesting it explains the variation in output orientated performance less well than 
for input-orientated performance.  All results show that electricity price and external 
winter temperature are not factors which improve the fit of the regression models.   
The β coefficient is positive for income and gas price suggesting that increases in 
these variables correlate with improving efficiency.  For the proportion of owner 
occupied households and privately rented households β is negative for both which is 
perhaps unexpected because proportion of owner occupied households is strongly, 
positively correlated with income. In addition, in simple linear regressions the sign on 
the coefficient was negative.  This is perhaps indicative of issues with 
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multicollinearity or interaction between explanatory variables which are correlated 
with the dependent variable E (efficiency).  
The results in table 7.9 for the output-performance measure 2 ‘best’ fit model (model 
3) show a better fit than for performance measure 1 with an adjusted R-squared 
value of 0.49 and smaller p-value.  Significant relationships where the p-value is less 
than 0.05 are shown with household income, household size, winter temperature, 
and proportion of owner occupies and privately rented homes.  A weaker relationship 
is seen with gas price (p-value < 0.1).  Income has the most significant relationship 
(p-value 0.0003).  The direction of the relationships in the regression model is the 
same as for performance measure 1 with the addition of external winter temperature 
where β is positive.  Higher temperatures correlate with improved efficiency.   
Income and gas price elasticities can be calculated for both performance measures 
using the values from models 1 to 4 in table 7.9: 
Model 1: E(yOut1) = α + β1 xinc + β2 xgp + β3 xhh + β4 xproo + β5 xprpr + ε 
Model 2: E(yOut1) = α + β1 xinc + β2 xgp + β3 xep + β4 xext + ε 
Model 3: E(yOut2) = α + β1 xinc + β2 xgp + β3 xhh + β4 xext + β5 xproo + β6 xprpr + ε 
Model 4: E(yOut2) = α + β1 xinc + β2 xgp + β3 xep + β4 xext + ε 
Remembering that the interpretation of the linear regression coefficient is: 
𝛽𝛽𝑘𝑘 =  𝜕𝜕𝑦𝑦𝑖𝑖𝑖𝑖 𝜕𝜕𝑥𝑥𝑘𝑘𝑖𝑖𝑖𝑖⁄  
Gas price elasticities for models 1, 2, 3 and 4 respectively, relative to output-
orientated efficiency measures 1 and 2, are equivalent to 4.8%, 2.9%, 2% and 2.2% 
increases in efficiency per unit (1p/kWh) increase in gas price.  Income elasticities 
relative to output orientated efficiency measure 1 and 2 for models 1, 2, 3 and 4 
respectively are 0.006% increase in efficiency per £1 increase (6% per £1000), 
0.0009% per £1 increase (0.9%per £1000), 0.004% increase per £1 increase (4% 
per £1000) and 0.0004% per £1 (0.4% per £1000).  Income elasticities for 
performance measure 1 are higher than for performance measure 2.   
There is a noticeable difference between income elasticities for ‘best-fit’ models (1 
and 3) and ‘key variables’ models (2 and 4).  This is possibly due to interactions or 
multicollinearity between the household disposable income variable and other 
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explanatory variables and is perhaps related to the unexpected sign on the 
regression coefficient for proportion of owner occupied households in both ‘best-fit’ 
models.  The income elasticities for the ‘key-variables’ models are in the same range 
as those for the input orientated performance measure and, considering the overall 
variation in output-orientated efficiency between 1970 and 2011 (approximately 20% 
and 10% in performance measures 1 and 2 respectively) as household disposable 
income per head has increased by about £10000, seem more feasible.    
 
Significance levels: *** < 0.001, ** <0.01, * < 0.05, .<0.1 
Output 11  Output 12 Output 2 3 Output 2 4
Income
ᵝ (10-5) 6.33 0.93 4.40 0.36
p-value 0.002 ** 0.0003 *** 0.0003 *** 0.012 *
Gas price
ᵝ (10-2) 4.79 2.91 2.04 2.23
p-value 0.02 * 0.05 * 0.06 . 0.01 **
Electricity price
ᵝ (10-3) -8.69 -9.35
p-value 0.1 0.005 **
Household size
ᵝ 0.56 0.51
p-value 0.08 . 0.01 **
Ext winter temperature
ᵝ (10-2) -1.14 -1.43 -1.35
p-value 0.3 0.02 * 0.05 *
Owner occupied
ᵝ -1.58 -0.87
p-value 0.02 * 0.02 *
Privately rented
ᵝ -2.34 -1.36
p-value 0.02 * 0.01 *
adj R2 0.40 0.30 0.49 0.29
p-value (on adj R2) 0.0002 0.002 0.0000 0.002
Table 7.9: Multiple regression results from exploratory analysis for output-orientated multiple 
energy service performance measures 1 and 2 with variables influencing the level of energy 
service demand. 
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Output 11: yOut1 = α + β1 xinc + β2 xgp + β3 xhh + β4 xproo + β5 xprpr 
Output 12: yOut1 = α + β1 xinc + β2 xgp + β3 xep + β4 xext 
Output 23: yOut2 = α + β1 xinc + β2 xgp + β3 xhh + β4 xext + β5 xproo + β6 xprpr 
Output 24: yOut2 = α + β1 xinc + β2 xgp + β3 xep + β4 xext 
The regression results for output orientated performance measures show that 
household disposable income is a significant (small p-values), positive influence of 
efficiency in terms of how householders act to increase service/comfort levels in 
homes.  This contrasts with the results for the input-orientated measure, and will be 
explored further in Chapter 8, but it suggests that acting to improve service/comfort 
levels and economic growth are two compatible objectives.  Price was a less 
significant influence than for input-orientated efficiency but the regression results 
show that demographic factors such as household size and tenure play a bigger role 
in influencing output-orientated behaviour than input orientated behaviour.  This is 
another point which will be examined in chapter 8 in terms of historical social, 
political and policy changes.   
7.3.4 Socio-economic variables and space heating service only input and output-
orientated efficiency measures.  
The final set of results in this section results examine the relationships between input 
and output-orientated performance measures for DEA models with outputs 
representing space heating energy service only and socio-economic variables.  The 
space heating only performance measures used are for DEA models where ‘number 
of households with central heating’ is the sole output measure.  Regression analysis 
focussed on identifying optimum subsets and modelled subsets including key 
variables: gas and electricity price, household income and temperature.   
Table 7.10 below, shows results of regressions with socio-economic variables and 
both input-and output orientated performance measures.  For the input-orientated 
performance measure for space heating only the regression results for two models 
are shown.  The first model was identified as the ‘best’ subset model, with subset 
size of 4.  The best-fit model had a Cp value approaching 5 and was distinguishable 
from the next best models with the same size subset.  The second model shows the 
regression results with the key variables (gas price, electricity price, income and 
temperature included).  There is only one variable different in the best-fit model 
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where household disposable income is replaced by proportion of owner occupied UK 
households 
The regression results for both input orientated models 1 and 2 have similar, high 
values for adjusted R2 of 0.83 and 0.79 respectively.  In model 1 both gas price and 
electricity price show significant relationships with the performance measure where p 
≤ 0.001.  The most significant relationship is with the proportion of owner occupied 
households where the p-value is very small (p < 0.0000).The p-value for external 
winter temperature is just outside the 5% significance level (approximately 0.6).  The 
regression coefficient, β, is positive for both gas and electricity price and negative for 
proportion of owner occupied households and external temperature.   
Significance levels: *** < 0.001, ** <0.01, * < 0.05, .<0.1 
Input (CH)1:  yIn3 = α + β1 xgp + β2 xep + β3 xext + β4 xproo  
Table 7.10: Multiple regression results for input and output-orientated single energy service 
performance measures with variables influencing the level of energy service demand. 
Input (CH)1 Input (CH)2 Output (CH)3
Income
ᵝ (10-5) -0.84 3.33
p-value 0.0000 *** 0.0000 ***
Gas price
ᵝ (10-2) 3.11 4.92 3.52
p-value 0.001 ** 0.0000 *** 0.35
Electricity price
ᵝ (10-3) 1.08 5.25 6.09
p-value 0.001 ** 0.13 0.68
Household size
ᵝ
p-value
Ext winter temperature
ᵝ (10-2) -1.28 -1.57 -4.15
p-value 0.06. 0.04 * 0.19
Owner occupied
ᵝ -0.45
p-value 0.0000 ***
Privately rented
ᵝ
p-value
adj R2 0.83 0.79 0.37
p-value (on adj R2) 0.0000 0.0000 0.0002
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Input (CH)2 : yIn3 = α + β1 xinc + β2 xgp + β3 xep + β4 xext 
Output (CH)3: yOut4 = α + β1 xinc + β2 xgp + β3 xep + β4 xext 
 
In the results of the second regression model comparing key variables, the results 
show significant relationships with both household income and the gas price with p < 
0.0000 for both.  The relationship with electricity price is statistically insignificant in 
this model whereas for external winter temperature the p-value is below the 5% 
significant mark at 0.04.  The regression coefficient β is again positive for gas price, 
and similarly to multiple energy service model regression with the input-orientated 
performance measure, β is positive for household income  
These results are in agreement with the results of the multiple energy services input-
orientated performance measure regression though the fit of the model is much 
higher, probably because the single energy service model is less complex then the 
multiple energy service model.  The results suggest householders are motivated to 
act more efficiently in response to price increases but less efficiently in response to 
income increases, or, in the ‘best-fit’ model increases in the proportion of owner 
occupied households.  In terms of how householders behave to reduce energy use 
and emissions for a set level of service economic growth appears to have a negative 
effect.   
Gas and electricity elasticities with respect to input-orientated efficiency for the single 
energy service model can be calculated from the regression coefficient, β.  Gas price 
elasticities relative to input-orientated efficiency estimated from regression Models 1 
and 2 show an increase in gas price by 1 unit (1p/kWh) correlating with a 3% and 5% 
increase in efficiency respectively.  Electricity price elasticities for Models 1 and 2 are 
0.1% and 0.5% increase in efficiency per 1p/kwh increase in electricity price.  These 
elasticities per unit increase are smaller than for the gas price but there is a greater 
fluctuation in electricity prices between 1970 and 2011(range between 8.05p/kWh 
and 14.51p/kWh) by approximately 6.5p/kWh.  Income elasticity relative to input-
orientated efficiency for single energy service DEA is estimated as a 0.84% 
decrease in efficiency per £1000 increase in household disposable income, by Model 
2.  
Chapter 7: Results of the two-stage analysis 
228 
 
Also presented in Figure 7.10 above are the regression results for the output-
orientated space heating only performance measure and socio-economic variables.  
The adjusted R2 value for the model (3) which includes the key variables examined 
in this chapter is significantly lower than for the input-orientated models at 0.37.  
(The p-value on the regression model is significant where p < 0.001) This suggests 
the variance in the output-orientated efficiency scores is less well explained by the 
variables considered to influence the level of energy service than the variance in 
input-orientated efficiency.  Comparison of best subsets models for output-orientated 
efficiency did not identify regression models with significantly better adjusted R2 
values than the ‘key variables’ model and therefore have not been included for 
comparison.   
In the output-orientated results there is only a significant relationship with household 
disposable income where the p-value is very small (< 0.0000).  The regression 
coefficient is again positive, suggesting a positive correlation between household 
income and the increasing comfort levels efficiency measure.  This is the expected 
results and is in agreement with the regression results for output-orientated multiple 
energy service performance measures presented earlier in this section.  The results 
supports a proposal that economic growth motivates householders to increase their 
energy service demand levels more efficiently. From β, the income elasticity for the 
output-orientated performance measure can be calculated as a 0.003% increase in 
efficiency per unit (£1) increase in income or 3% per £1000. .   
7.3.5 Interpreting regression coefficients for price and income effects 
In the previous three sections, estimations of gas price and income elasticities have 
aimed to quantify the impact of increases in both variables on input and output-
oriented efficiency scores from multiple and single energy service DEA models.  In 
terms of the value for the estimated elasticities interpreting the actual impact on 
efficiency implied by the regression coefficients is complicated.  Algebraically: 
𝛽𝛽𝑘𝑘 =  𝜕𝜕𝐸𝐸𝑖𝑖𝑖𝑖 𝜕𝜕𝑥𝑥𝑘𝑘⁄  
Where βk is the change in E when xk changes by one unit and all other variables are 
held constant, but in DEA modelling E is measured as a percentage which makes 
interpretation less straightforward.    
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Often in econometric regression models variables are expressed in logarithmic terms, 
but this is avoided in the second stage regression analysis of performance measures 
because the ‘efficiency’ dependent variable is already a percentage and the change 
is already in the form of a log-change.  Therefore, the question to ask is what is ‘E’ a 
percentage of?  Looking back at Figure 6.4 in Chapter 6, which described how 
efficiency is measured in input and output orientated models, then the efficiency 
percentage can be described as the percentage of the distance of a sample point to 
the best practice frontier.  In the input orientation, the distance to the frontier is 
determined by the necessary contraction of inputs to move the sample point to the 
frontier and in the output-orientation by the required expansion of outputs.    
In the input orientation 𝛽𝛽𝑘𝑘 in the regression is the impact on this relative distance of a 
change in xk.  Therefore we are able to write the regression coefficient as: 
𝛽𝛽𝑘𝑘 ≈
∆𝐸𝐸
∆𝑥𝑥𝑘𝑘
= 𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑟𝑟𝑤𝑤𝑟𝑟𝑎𝑎𝑜𝑜𝑤𝑤𝑟𝑟𝑤𝑤 𝑑𝑑𝑤𝑤𝑡𝑡𝑜𝑜𝑎𝑎𝑖𝑖𝑐𝑐𝑤𝑤 𝑜𝑜𝑜𝑜 𝑓𝑓𝑟𝑟𝑜𝑜𝑖𝑖𝑜𝑜𝑤𝑤𝑤𝑤𝑟𝑟
𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑟𝑟𝑎𝑎𝑟𝑟𝑤𝑤𝑎𝑎𝑣𝑣𝑟𝑟𝑤𝑤 𝑥𝑥𝑘𝑘 = 𝑟𝑟𝑜𝑜𝑤𝑤 𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑎𝑎𝑡𝑡𝑏𝑏𝑤𝑤𝑜𝑜𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑟𝑟𝑎𝑎𝑟𝑟𝑤𝑤𝑎𝑎𝑣𝑣𝑟𝑟𝑤𝑤 𝑥𝑥𝑘𝑘  
In a one input-one output DEA model where only one input (rather than two: CO2 
emissions and energy consumption) is considered, for example, energy consumption, 
then the interpretation is simple: 
𝛽𝛽𝑘𝑘 ≈
∆𝐸𝐸
∆𝑥𝑥𝑘𝑘
= 𝑟𝑟𝑜𝑜𝑤𝑤 𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑤𝑤𝑖𝑖𝑤𝑤𝑟𝑟𝑤𝑤𝑦𝑦 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜 
𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑟𝑟𝑎𝑎𝑟𝑟𝑤𝑤𝑎𝑎𝑣𝑣𝑟𝑟𝑤𝑤 𝑥𝑥𝑘𝑘  
This means that we can say: 
(𝑤𝑤𝑖𝑖𝑤𝑤𝑟𝑟𝑤𝑤𝑦𝑦 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜)𝛽𝛽𝑘𝑘 ≈ (𝑤𝑤𝑖𝑖𝑤𝑤𝑟𝑟𝑤𝑤𝑦𝑦 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜) ∆𝐸𝐸∆𝑥𝑥𝑘𝑘 = 𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑤𝑤𝑖𝑖𝑤𝑤𝑟𝑟𝑤𝑤𝑦𝑦 𝑤𝑤𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑤𝑤𝑤𝑤 𝑤𝑤𝑖𝑖 𝑟𝑟𝑎𝑎𝑟𝑟𝑤𝑤𝑎𝑎𝑣𝑣𝑟𝑟𝑤𝑤 𝑥𝑥𝑘𝑘  
As a consequence, one interpretation of the regression coefficient is that after it has 
been multiplied by the level of energy usage it can be interpreted as the additional 
energy needed to efficiently achieve the current level of output or service when an 
explanatory variable such as price changes by one unit.  However, when there are 
multiple inputs and outputs, as in the DEA procedure taken in this thesis, this 
interpretation does not carry over to the case of several inputs.  This means that the 
interpretation of the elasticities estimates presented in this chapter is complex: there 
has been an impact on efficiency but the extent to which each individual input or 
output is contracted or expanded towards the frontier if efficiency has increased (or 
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away from the frontier if efficiency has decreased) is unknown.  Therefore, 
interpretation of price and income effects, as well as other explanatory variables, in 
this thesis focusses on the sign of the regression coefficient, positive or negative, 
rather than the absolute value.   
7.3.6 Summary of socio-economic variables impacts 
Section 7.3 has compared regression results for input and output-orientated DEA 
models for multiple and single (space heating only) energy services with economic 
and socio-economic variables.  The results show the different relationships between 
these variables and the two types of performance measure (input and output-
orientated) which as discussed in section 7.2 of this chapter describe two different 
behaviours for the UK residential sector: how the sector acts to reduce energy 
consumption and related emissions for a set level of energy service and how the 
sector acts to increase service/comfort levels for a set level of energy consumption 
and emissions.   
The simple linear regressions discussed initially in this section highlight relationships 
with input and output-orientated performance measures, and socio-economic 
variables.  Subsequent multiple regressions explored these relationships further.  For 
the input-orientated multiple energy services performance measure, simple linear 
regressions showed correlations with nearly all variables except electricity price.  
Multiple regressions focussed on key variables, income, gas price, electricity price 
and temperature, due to difficulties in reducing the amount of variables in regression 
subsets using other methods and because focussing on key variables did not greatly 
affect the adjusted R squared value.  These multiple regressions highlighted 
significant relationship with income and gas price, supported by estimates of 
elasticities which suggest increases in household disposable income correspond 
with decreased efficiency.  In comparison, increases in gas price correlate with 
increased efficiency.  Adjusted R squared values for regressions with key variables 
were approximately 0.4, suggesting approximately 40% of the variance in efficiency 
is accounted for by socio-economic variables.   
For multiple regressions of two output-orientated performance measures, initial 
simple linear regressions showed fewer correlations than for the input-orientated 
measure particularly with gas and electricity prices.  In multiple regressions there 
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was more success in reducing the size of the variable subset using statistical 
methods than for the input-orientated measure.  As a consequence, regression 
results include the relationships with average household size, and owner occupied 
and privately rented tenure variables, in addition to income and gas price variables.  
One issue arising from the inclusion of these variables is increased interaction 
between explanatory variables and the dependent variable (efficiency) which makes 
interpreting some of the results more difficult.  For both performance measures 
household disposable income has the most statistically significant relationship with 
elasticities, showing an increase in income corresponding with an increase in 
efficiency, the opposite relationship to that seen with the input-orientated measure.  
In comparison, gas price, when statistically significant, showed a positive relationship 
with both input and output-orientated measures, suggesting increases in gas price 
correspond with improving efficiency for both behavioural measures.   
Adjusted R squared values for the ‘best subset’ models are 0.4 and 0.49 for output-
orientated performance measures 1 and 2 respectively, suggesting between 40% 
and 50% of efficiency variation is due to the socio-economic variables examined.  
Values for ‘key variable’ models are lower at approximately 0.3 suggesting the key 
variables explain less of the variance in efficiency, and that tenure and household 
size demographic variables are important in explaining output-orientated efficiency 
variation.   
For multiple regressions of input and output-orientated performance measures for 
space heating energy service only the most noticeable difference between results is 
in the adjusted R squared values.  For ‘best-subset’ or ‘key variables’ input-
orientated performance measure regression models adjusted R squared is 0.83 and 
0.79 respectively.  This suggests that a higher proportion of the variance in single 
energy service input-orientated efficiency is explained by socio economic variables 
than for the multiple energy service performance measures or output-orientated 
single energy service performance measure (where adjusted R-squared is 0.37 in 
the key variables regression model).  
In the ‘best-subset model’ input-orientated regression model there are statistically 
significant relationships with gas price, electricity price and proportion of owner-
occupied households.  In the ‘key variables’ model household disposable income 
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and external winter temperature replace proportion of owner occupied households 
and are both statistically significant.  As with multiple energy service measures, 
increases in both gas and electricity prices correlate with increases in efficiency.  
Increase in the proportion of owner occupied households and household disposable 
income correlate with decreased efficiency.  For the output-orientated performance 
measure regression model there is a statistically significant relationship with 
household disposable income only.  Similarly to previous regression results for 
output-orientated measures elasticity estimates suggest increases in income 
correspond with increases in efficiency.   
How these results support or refute the research hypotheses for economic and 
socio-economic variables, and also the implications for policy will be discussed in 
detail in the second part of Chapter 8.  The results presented here suggest that 
income and energy prices, in particular the gas price, have had an impact on UK 
residential sector efficiency.  Other factors such as tenure and household size 
appear to influence output-orientated efficiency more than input-orientated efficiency.  
The different relationships between explanatory variables and performance 
measures which are either input or output orientated requires further exploration to 
consider some of the reasons why, for example, increasing household income has 
apparently led to less efficient behaviour when it comes to reducing energy 
consumption and emissions. The following section will consider the other category of 
influencing factors, those which impact on the level of energy use and emissions 
required to achieve a set level of energy services, and will consider how the 
regression results contrast with those for economic and socio-economic factors.   
7.4 Stage 2: Regression analysis with technical & structural variables.  
7.4.1 Variables affecting the level of energy demand and related emissions: simple 
linear regression.   
The second set of regression results, presented in this chapter, focus on simple 
linear regressions for input and output-orientated multiple performance measures 
with independent variables identified as influencing the level of energy use and 
related emissions required to achieve a set level of energy service.  Broadly, the 
variables examined in this stage describe changes to the technical efficiency of the 
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building stock and the heating systems and appliances within, except for emissions 
factor of electricity data which measures the changing carbon intensity of energy 
supply.  Table 7.11 summarises the variables in regression models where 
performance measures are the dependent variable, and technical and structural 
factors are the explanatory variables.   
Table 7.11: Dependent and explanatory variables in technical/structural regression analyses 
 
Name Description Variable
Input Input-orientated performance measure: multiple energy services yIn1
Output1 Output-orientated performance measure 1: multiple energy services yOut1
Output 2 Output-orientated performance measure 2 (with population proxy): multiple energy services yOut2
Input (CH) Input-orientated performance measure: space heating service only (central heating) yIn3
Output (CH) Output-orientated performance measure: space heating service only (central heating) yOut4
Emissions factor
Emission conversion factor for UK electricity 
consumption (kgCO2/kWh).
xefactor
SAP rating Average GB SAP rating of UK households xsap
House build 
completions
Number of permanent dwellings completed in 
UK 
Central heating Proportion of UK dwellings with central heating xch
Combi boilers Boiler types in UK (thousands of dwellings) xcomb
Condensing boilers Boiler types in UK (thousands of dwellings)
Insulated hot water 
tanks
Proportion of households with an insulated hot 
water tank.  xinshwt
More than 100mm 
loft insulation
Ownership of loft insulation in UK properties 
(thousands). xloftins
Cavity wall 
insulation
Proportion of UK dwellings with cavity wall 
insulation xcavw
Energy saving light 
bulbs
Number of energy saving lightbulbs owned by 
UK households (thousands) xeslb
LED light bulbs Number of LEDs owned by UK households (thousands)
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Technical efficiency variables are related to insulation levels, central heating and hot 
water systems, whole building stock performance and lighting efficiency.  The results 
of simple regressions with all variables are presented in Table 7.12.   
Table 7.12: Regression results for multiple energy service performance measures and variables 
influencing the level of energy service demand. 
 
Input Output 1 Output 2
Emissions factor
ᵝ 0.18 -0.13 -
p-value 0.0000 0.01 -
R2 (adj) 0.37 0.14 -
SAP rating
ᵝ (10-3) -2.58 2.16 -
p-value 0.001 0.01 -
R2 (adj) 0.21 0.13 -
House build completions
ᵝ (10-7) 4.44 - -
p-value 0.003 - -
R2 (adj) 0.19 - -
Cavity wall insulation
ᵝ (10-3) - 2.08 1.03
p-value - 0.0000 0.003
R2 (adj) - 0.31 0.21
Central heating
ᵝ (10-3) -1.63 1.04 -
p-value 0.0001 0.02 -
R2 (adj) 0.31 0.10 -
Combi boilers
ᵝ (10-5) -0.71 1.30 0.65
p-value 0.04 0.0000 0.0009
R2 (adj) 0.09 0.37 0.25
Condensing boilers
ᵝ (10-5) - 3.73 2.19
p-value - 0.0008 0.0009
R2 (adj) - 0.26 0.25
Insulated hot water tanks
ᵝ (10-3) -3.93 3.53 -
p-value 0.02 0.05 -
R2 (adj) 0.12 0.08 -
Less than 100mm loft insulation
ᵝ (10-5) 1.79 -2.06 -0.84
p-value 0.01 0.005 0.06
R2 (adj) 0.15 0.19 0.07
More than 100mm loft insulation
ᵝ (10-5) -1.12 0.56 -
p-value 0.0001 0.09 -
R2 (adj) 0.35 0.06 -
Energy saving light bulbs
ᵝ (10-7) - 4.06 2.19
p-value - 0.004 0.008
R2 (adj) - 0.17 0.14
LED light bulbs
ᵝ (10-5) - 1.86 1.04
p-value - 0.001 0.002
R2 (adj) - 0.21 0.20
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For the input-orientated performance measure there are significant correlations (p-
value ≤ 0.05) for emission factor, SAP rating, number of household build completions, 
proportion of centrally heated homes, and combi-boiler and hot water tank insulation 
variables.  For the majority of variables which signify an improvement in technical 
efficiency such as average SAP rating or increased proportions of insulated lofts and 
hot-water tanks, β is negative suggesting that these improvements correlate with a 
reduced input-orientated efficiency.  Input-orientated efficiency describes 
householder’s energy use and emissions reduction behaviour.  Perhaps 
unexpectedly, β for emissions factor is positive.  A more carbon intensive electricity 
supply correlates with greater efficiency.  The p-value is very small and R2 is 0.37 
suggesting it accounts for a significant amount of the variation in efficiency.  There is 
also a positive correlation with the number of house builds being completed each 
year.  Overall, house build completions have shown a downward trend over the time 
period of the analysis.   
Output-orientated performance measure 1 shows correlations with all variables 
examined in this initial technical variables analysis, except for house build 
completions and loft insulation.  The β coefficients for all variables signifying 
technical efficiency improvements are positive supporting the suggestion made in 
section 7.2 that output-orientated efficiency improvements reflect improvements to 
the technical efficiency of the building stock.  β for simple linear regression of  
performance measure 1 with emissions factor is negative.  As the carbon intensity of 
electricity has decreased over time output-orientated efficiency has increased.   
Output-orientated performance measure 2, which includes the population proxy for 
hot water demand, correlates with fewer variables: cavity wall insulation proportion, 
combi- and condensing boiler numbers, and lighting variables.  Similarly to the other 
output-orientated performance measure, β is positive for all technical efficiency 
improvement related variables.  Again, this initially supports the contention that 
technical efficiency improvements correlate with more efficient behaviour in terms of 
increasing comfort/service levels.   
7.4.2 The influence of technical improvements on input-orientated efficiency 
In this section the results of multiple regressions of technical variables and the input-
orientated performance measure for multiple energy services are presented.  
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Similarly to the socio-economic factors examined in previous sections there are 
issues with multicollinearity in the regressions.  Many of the variables describing 
improvements in technical efficiency correlate with each other as discussed in the 
Chapter 6 section on the regression analysis method.  A combination of selecting 
variables using ‘all subsets’ comparison methods and selecting key variables 
identified in the meta-review is used to reduce the number of variables.  An 
additional issue with the technical data is that for some variables there are a reduced 
number of observations available because data sets start from 1976 instead of 1970.  
This reduces the degrees of freedom in the model and increases the likelihood of 
over-specified models with too many variables.   
For the input-orientated performance measure, a ‘best fit’ model (Input3) was 
identified with a subset size of 6 variables by comparing the Cp value (see note in 
section 7.3) of the total squared error for subset models containing p independent 
variables.  Results from regressions with the six variables, emissions factor, SAP 
rating, number of combi boilers and proportion of houses with central heating, cavity 
wall insulation and insulted hot water tanks, are shown in table 7.13 below.  The 
model has an adjusted R-squared value of 0.57 suggesting 57% of the variation in 
efficiency over the time period can be accounted for by this combination of technical 
variables.  There are significant correlations (p-value < 0.05) with all variables except 
number of combi-boilers.   
The strongest relationship is with the average SAP rating of UK homes which has 
improved between 1970 and 2011 (smallest p-value of 0.002).  The β coefficient is 
positive suggesting increasing SAP rating correlates with increasing efficiency.  The 
emissions factor of electricity has decreased over the time period and the regression 
coefficient is positive, suggesting decreasing emissions factor correlated with 
decreased efficiency.  The partial coefficient for central heating, cavity wall and 
insulated hot water tank variables is negative suggesting increasing proportions in 
homes correlate with periods of decreasing efficiency.   
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Table 7.13: Multiple regression results from exploratory analysis for input and output-orientated 
multiple energy service performance measures with variables affecting energy and CO2 levels.
 
Significance levels: *** < 0.001, ** <0.01, * < 0.05, .<0.1 
Input 13: yIn1 = α + β1 xefactor + β2 xsap + β3 xcavw + β4 xch + β5 xcomb + β6 xinshwt 
Output 15 yOut1 = α + β1 xsap + β2 xch + β3 xcomb + β4 xinshwt 
Output 26 yOut2 = α + β1 xsap + β2 xch + β3 xcomb  
Output 27 yOut2 = α + β1 xch + β2 xcomb + β3 xloftins + β4 xeslb 
These results are unexpected for three reasons.  Firstly, the negative regression 
coefficients for central heating, cavity wall insulation and insulated hot water tanks 
suggest that efficiency has decreased as the number of homes with these measures 
has increased.  This indicates that householders are less motivated to act to reduce 
Input 3 Output 15 Output 26 Output 2 7
Emissions factor
ᵝ 0.46
p-value 0.01 **
SAP rating
ᵝ (10-2) 5.08 1.52 0.51
p-value 0.002** 0.04 * 0.03 *
Cavity wall insulation
ᵝ (10-3) -8.87
p-value 0.03 *
Central heating
ᵝ (10-3) -12.38 -9.69 -4.48 -5.26
p-value 0.005 ** 0.03 * 0.002 ** 0.003 **
Combi boilers
ᵝ (10-5) 1.14 1.99 1.51 2.06
p-value 0.2 0.04 * 0.0000 *** 0.0000 ***
Insulated hot water tanks
ᵝ (10-3) -14.25 -6.42
p-value 0.02 * 0.2
More than 100mm loft insulation
ᵝ (10-5) 1.03
p-value 0.03 *
Energy saving light bulbs
ᵝ (10-7) 3.40
p-value 0.006 **
R2 (adj) 0.57 0.40 0.45 0.48
p-value (on adj R2) 0.0000 0.001 0.0000 0.0000
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their energy consumption and related emissions for a set level of energy 
services/comfort when uptake of technical efficiency improvements, in this case 
cavity wall insulation and insulated hot water tanks, is on the increase.  The results 
for central heating are more understandable because switching from coal fire, for 
instance, to central heating changes the way householders heat their house and the 
level of energy service they can achieve.  In addition, the results for household 
disposable income in the previous section indicate that increasing income and 
economic growth correlate with reductions in input-orientated efficiency and there is 
likely to be a correlation between income and take-up of insulation measures and 
new boilers.  This line of thinking will be explored in Chapter 8. 
The second interesting aspect is that the emission factor of electricity corresponds 
positively with efficiency suggesting householders have acted to reduce energy 
consumption and emissions for a set level of energy service at time when the energy 
supply was carbon intensive.  This will be explored further in Chapter 8.  It is 
questionable whether householder behaviour is influenced by the fuel mix for 
electricity generation so this is perhaps more to do with the events and changes 
linked to increases or decreases in carbon intensity  
The third interesting aspect is the positive regression coefficient for SAP rating.  The 
result suggests that SAP rating correlates with input-orientated efficiency 
improvements, but the variable has a positive regression coefficient in simple linear 
regression and is also closely related to increases in insulation and boiler uptake.  
The changing sign of the regression coefficient suggests there may be 
multicollinearity between different variables or interaction between explanatory 
variables and the dependent variable (efficiency), similarly to the issue discussed in 
the results for the output-orientated measure and socio-economic variables in the 
previous section.  Correlation tests, the results of which are presented in Appendix C, 
show that SAP rating has a strong positive correlation with some of the other 
variables such as homes with central heating and cavity wall insulation.   
7.4.3 The influence of technical improvements on input-orientated efficiency 
For output-orientated performance measure 1, methods to compare ‘best fit’ models 
of different subset sizes identified a model with 4 variables (Output 15): SAP rating, 
proportions of central heating and insulated hot water tanks and number of combi 
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boilers.  The adjusted R-squared value is 0.4; technical variables do not appear to 
explain the variation in output-orientated performance measure 1 as well for the 
input-orientated measure.  There are significant correlations with all variables except 
insulated hot water tank proportions.  The strength of relationship is similar for all 
three variables (p-value 0.03-0.04) and β is positive for SAP rating and combi boiler 
variables.  For central heating the partial regression coefficient is negative 
suggesting an increasing proportion of centrally heated homes correlated with 
decreasing efficiency.   
For output-orientated performance measure 2 the overall fit of the models selected 
using best subset comparison methods is slightly better than for performance 
measure 1.  Adjusted R-squared is equal to 0.45 and 0.48 for models 6 and 7 
(Output 26 and Output 27) in tables 7.13 respectively.  Two models were considered 
for output-orientated performance measure 2 because they both had Cp values 
approaching the value of p+1 and had noticeably different subsets of variables.  The 
subset size for model 3 is three variables: SAP rating, proportion of homes with 
central heating and number of combi boilers.  There are significant correlations with 
all three variables, the strongest with number of combi boilers (p-value < 0.001).  The 
β coefficient is positive for SAP rating and number of combi boilers and negative for 
central heating proportion.    
In technical regression model 7 for output measure 2, with adjusted R-squared of 
0.48, a subset with four variables, central heating, combi boilers, homes with more 
than 100mm loft insulation and number of energy saving light bulbs, was identified.  
There are significant relationships with all four variables.  Again, the strongest 
correlation is with number of combi boilers.  The regression coefficient β is positive 
for all variables except central heating proportion.   
As with the regression results for the input-orientated performance measure some of 
the results indicate issues with multicollinearity and interactions between explanatory 
variables and the dependent variable (efficiency).  The regression coefficients for 
central heating in all three regression models for output-orientated performances and 
proportion of insulated hot water tanks in model 7 are negative.  This is the opposite 
relationship to that seen in simple linear regression (see Table 7.13) and so results 
need to be considered carefully.   
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The possible interactions between variables make full analysis of the meaning of the 
results difficult but if the focus is on those variables where the regression coefficient 
is the same sign as in the simple linear regressions then the results suggest the 
opposite relationship to that seen with the input-orientated measure.  Improving 
technical efficiency indicated by higher SAP ratings, energy saving light bulbs, loft 
insulation and in particular uptake of new and replacement boilers have motivated 
householders to act to improve how efficiently they increase service/comfort levels 
for a set level of energy service.  This is not a surprising result as it is to be expected 
that these factors would be correlated with efficiency improvements.  Perhaps a 
question to consider in Chapter 8 is whether householders are motivated to install 
improvements because they want to be more efficient or whether developing 
technologies mean householders are automatically more efficient without having to 
worry about it?  A full discussion of input and output orientated results is needed to 
help clarify this point.    
7.4.3 Technical variables and space heating only input and output-orientated 
efficiency measures.   
As with the socio-economic variables, relationships between input and output-
orientated performance measures for DEA models with outputs representing space 
heating energy service only and multiple technical variables are presented in this 
chapter.  The space heating only performance measures used are for DEA models 
where ‘number of households with central heating’ is the sole output measure, 
similarly to section 7.3.4.  These single energy service performance measures are 
used because there is a because there is a bigger contrast with sets of efficiency 
scores for multiple energy services than when internal winter temperature is used as 
the sole output.  Regression analysis for the input and output-orientated measures 
focussed on identifying optimum subsets of technical variables.  The results of the 
analysis are shown in Table 7.14 below.  
As with multiple regressions of socio-economic variables with the single energy 
service input-orientated performance measure, multiple regressions with technical 
variables have relatively high adjusted R-squared values: 0.83 and 0.82 for the two 
models presented in Table 7.14 (Input (CH)4 and Input (CH)5).  The two models have 
been selected by comparing adjusted R squared values and Cp statistics as in earlier 
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multiple regressions and both have subset size three.  Model 4 includes SAP rating, 
number of households with combi boilers and proportion of households with cavity 
wall insulation.  Model 5 has number of households with more than 100mm loft 
insulation instead of SAP rating with the other two variables the same.  In both 
models all variables show statistically significant relationships with the performance 
measure where p is very small (<0.0000).   
Examining the regression coefficients, shows that in both models β is only positive 
for proportion of households with cavity wall insulation initially suggesting an 
increase in this proportion has corresponded with an increase in efficiency.  Simple 
linear regression of the cavity wall variable with the multiple energy service input-
orientated performance measure was not significant but proportion of homes with 
cavity wall insulation is strongly, positively correlated with SAP rating and number of 
Table 7.14: Multiple regression results for input-orientated space heating energy service 
performance measure with variables affecting energy and CO2 levels 
Input (CH)4 Input (CH)5
Emissions factor
ᵝ
p-value
SAP rating
ᵝ (10-2) -1.29
p-value 0.0000 ***
Cavity wall insulation
ᵝ (10-3) 10.02 4.79
p-value 0.0000 *** 0.0000 ***
Combi boilers
ᵝ (10-5) -3.59 -3.24
p-value 0.0000 *** 0.0000 ***
Insulated hot water tanks
ᵝ (10-3)
p-value
More than 100mm loft insulation
ᵝ (10-5) -1.25
p-value 0.0000 ***
Energy saving light bulbs
ᵝ (10-7)
p-value
R2 (adj) 0.83 0.82
p-value (on adj R2) 0.0000 0.0000
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combi boilers (see Appendix C) so arguably we would expect to see the same 
relationship.  Coefficient β is negative for all other variables.  
The general trend for these variables has been increasing uptake between 1970 and 
2011 while input-orientated efficiency for space heating energy service has only 
shown an increasing trend in more recent years.  This suggests that, in general, 
improvements to the condition of the UK building stock have correlated with periods 
of decreasing input orientated efficiency.  Increased uptake of improvements has not 
led to householders acting to reduce their energy consumption and emissions for a 
set level of energy service 
For the output-orientated space heating performance measure the results of multiple 
regressions with technical variables were less conclusive.  It was difficult to identify 
best-subsets of variables where individual variables showed statistically significant 
relationships with the performance measure.  Adjusted R squared values with 
different subset sizes were in the range 0.3 - 0.35.  Because significant relationships 
with the output-orientated measure were not identified, multiple regression results 
are not considered further.   
7.4.4 Summary of technical variables impacts 
This section has examined the relationships between technical variables which 
influence the level of energy and related emissions required to achieve a set level of 
energy services and different performance measures.  Input and output-orientated 
efficiency scores from multiple and single (space heating only) DEA models have 
been examined.  There are similarities and differences between regression results 
for input and output orientated performance measure regressions, as well as 
between multiple and single energy service regressions.   
Considering the regression results for multiple energy service performance 
measures first, initial simple linear regressions showed opposite relationships 
between input and output-orientated efficiency measures and technical variables.  
Regression coefficients for variables describing technical improvements were 
positive in output-orientated efficiency regressions but negative in input-orientated 
efficiency regressions.  In multiple regressions some variables such as SAP rating, 
showed a positive relationships with input and output-orientated efficiency measures 
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but this is perhaps due to issues with multicollinearity and interactions between 
variables rather than the variable having the same impact on both efficiency 
measures.   
The possible interactions between variables was an issue in most of the multiple 
regression models but focussing on those variables which show the same 
relationship as in the simple linear regression results perhaps show us the true 
relationship between technical/structural influencing factors and the two behavioural 
measures.  In general, technical efficiency improvements appear to motivate 
householders to act to increase service comfort levels but not to reduce energy 
consumption and emissions.  Because householders are raising service/comfort 
levels increasingly efficiently over the latter part of the analysis relative to earlier 
years, then it is perhaps not a concern that ‘reducing energy consumption and 
emissions’ efficiency has decreased over the same period.  An issue arises if 
increasing energy service demand and energy consumption outstrips uptake of 
improvements or the efficiency of the measures installed.  Increasing uptake of 
improvements is related to increasing disposable income, and the impact of 
economic growth on how householders behave is one of the main themes of the next 
chapter.    
When considering the fit of the different multiple energy service models, the adjusted 
R squared value was higher for the input-orientated regression model at 0.57 than 
for the output-orientated regression models (0.4 for output 1 model and 0.45 and 
0.48 for both output 2 models).  This suggests a higher proportion of the variance in 
input-orientated efficiency is explained by the technical variables examined in the 
analysis.  This is supported by the results for single energy service multiple 
regressions where adjusted R squared for the input-orientated regression models is 
0.83 and 0.82.  The value was much lower for output-orientated regression models 
and significant relationships with variables could not be identified.  The higher 
correlation with the space heating only input-orientated performance measure in 
comparison with the multiple energy service measure is perhaps indicative of the 
model being less complex.   
Overall the results of the second stage of the analysis suggest that technical 
variables influence both input and output orientated performance measures and 
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hence householder’s behaviour.  In particular number of households with combi 
boilers, central heating and cavity wall insulation, as well as the average SAP rating 
of homes, appears to be indicators of changing performance in the sector.  
Householder’s efficiency in terms of increasing comfort/service levels appears to be 
positively influenced by technical energy efficiency improvements in the UK building 
stock.  ‘Reducing energy consumption and emissions’ behaviour is negatively 
impacted.  There is a relationship between input-orientated efficiency and the 
emissions factor of the electricity supply which suggests efficiency is higher when 
carbon intensity is higher.  The significance of changing emissions factors in terms of 
structural changes and events needs to be explored further.  These findings will be 
discussed in detail in Chapter 8.   
7.5 The influence of policy on input and output orientated efficiency: 
structural change. 
7.5.1 Two-stage DEA and measuring policy impacts 
This chapter has examined two different behaviours described by input or output-
orientated DEA modelling of the UK residential sector’s energy use and emissions.  
The two behaviours outline the sector’s motivation to either reduce energy use and 
related emissions for a set level of energy service/comfort or increase levels of 
energy service/comfort for a set level of energy use and related emissions.  One of 
the research hypotheses set out at the start of this chapter relates to policy impacts: 
‘changes to the building regulations and introduction of energy efficiency schemes 
have had an impact on the efficiency of delivery of energy services in the UK 
residential sector’.  The first part of this chapter discussed the behavioural trends 
described by different DEA models and some of the potential implications for policy.  
These implications will be discussed in detail in the following chapter of this thesis.  
The remainder of the chapter has examined relationships with influencing variables 
using regression analysis of DEA efficiency scores.  Regression analysis with 
technical variables show relationships between input and output orientated efficiency 
measures and uptake of technical changes/improvements.   
As discussed earlier in this thesis, several studies of the UK residential sector show 
how uptake of technical improvements has been partially driven by energy efficiency 
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schemes such as EEC 1 and 2, and CERT, and UK buildings regulations for existing 
and new dwellings.  The regression results which show statistically significant 
relationships with technical variables support the hypotheses that policy schemes 
and building regulations have had an effect but direct evidence of a policy impact is 
not provided.  Further analysis would seek to identify explicit evidence of the impact 
of either particular schemes or building regulation updates by examining step 
changes in regression results using structural break tests.   
In addition to examining relationships with technical variables, regression results 
have provided insights into the relationships between economic and socio-economic 
variables, technical variables, and input and output-orientated performance 
measures.  One of the objectives of examining the relationships between these 
variables and performance measures generated by the DEA procedure is to try to 
identify whether householder’s behaviour in response to energy efficiency 
improvements is has been effected by different factors.  The price of energy, 
household disposable income and household demographics in terms of tenure and 
average number of households could all have influenced the extent to which 
technical improvements contribute to overall energy efficiency improvements.  
Identifying the relative influence of these different factors 
In this final part of chapter 7, regression results from stage two of the analysis will be 
examined further to see if there is supporting evidence for the impacts of particular 
policies, regulations or changes to the energy supply sector on sector efficiency.  
Structural break tests of regression models will be carried out to identify if there are 
step changes in input and output-orientated efficiency trends in certain years 
between 1970 and 2011.  In addition the tests will examine whether there are step 
changes in the relationships between certain economic and socio-economic 
variables and efficiency measures in particular years.  Section 7.5.2 will explain how 
statistical tests can be used to identify structural breaks in performance measures 
and regression equations. Section 7.5.3 will present the results of the structural 
break tests on input and output-orientated performance measures and 
economic/socio-economic regressions.  The results will identify whether there is 
supporting evidence for the impact of particular policies or regulatory changes on UK 
residential sector efficiency.   
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7.5.2 Structural Break and Likelihood Ratio tests.  
To examine whether there is evidence of step change in energy efficiency between 
1970 and 2011, structural break tests are used to examine the DEA performance 
measure regressions.  With reference to Figure 7.6 below, structural break tests 
examine whether there is unexplained variation between efficiency and the 
independent variables in a regression model, in a particular year.  The variation can 
be a result of a step change, increase or decrease, in efficiency shown by an 
intercept change in a particular year. Alternatively, the variation could be the result of 
a change in the relationship between efficiency, E, and one of the independent 
variables in the regression, described by a change in the value of the slope in a 
particular year.   
In the structural break test we focus on one year (t0 in Figure 7.6) and generate 
dummy variables for a regression which account for a change in the sample in that 
year.  To test for a step increase or decrease in efficiency in a particular year, a 
dummy variable is generated where the value of the variable D0 is equal to 0 up to 
year T0 and then equal to 1 from year T0 onwards, and is added to the regression.  
To test for a change in the relationship with independent variables in the regression 
in year T0, another variable is generated.  Using income as an example, the new 
Efficiency E 
Years 
Slope change 
Intercept change 
T0 
D0 = 0 
D0 = 1 
Figure 7.6: Diagram showing unexplained efficiency change in year T0 
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variable is generated by multiplying dummy variable D0 by the income variable.  The 
structural break test compares the regression over the whole sample without any 
dummy variables in a ‘restricted’ model, R, with the regression over the whole 
sample with the dummy variables included, in the ‘unrestricted' model, U,.   
If we consider a regression example with income and price as the independent 
variables in the model, the restricted model, where E is the efficiency measure, is: 
E = a + β1 income + β2 price + ε 
Apply the dummy variable D0 by adding it to the regression and multiplying it through 
every explanatory variable as well.  Then the unrestricted model is: 
E = a + β1income + β2price + D0 + β3(D0 income) + β4(D0 price) + ε 
The null hypothesis proposes that if the two samples, with and without the generated 
dummy variables, can be pooled there is no structural break.   
H0: there is no step change in year T0, therefore, a = D0 + a; β1 = β3; β2 = β4. 
The null hypothesis can be tested using a Likelihood Ratio (LR) Test which is based 
on fitting both the restricted (R) and unrestricted (U) equations and computing the 
test statistic on the basis of H0 being true (where RSS is the residual sum of squares 
for the restricted and unrestricted equations, k is the number of regression 
coefficients and T is the total number of observations).   
Test:  
(RSS𝑅𝑅 – RSS𝑈𝑈) / (𝑘𝑘𝑈𝑈 − 𝑘𝑘𝑅𝑅)
𝑅𝑅𝑅𝑅𝑅𝑅𝑈𝑈 /(T – 𝑘𝑘𝑈𝑈)  ~ F((𝑏𝑏𝑈𝑈 – 𝑏𝑏𝑅𝑅kr), (T – 𝑏𝑏𝑈𝑈) 
The LR test can be carried out for each year in the sample (1971-2011) to 
investigate policy changes over the period by testing whether any improvement in 
the fit of the regression model is statistically significant (p ≤ 0.05).  If it is not 
statistically significant, then the null hypothesis is not rejected.   
7.5.3 Economic and socio-economic influences: step change 
In this analysis, structural break tests are carried out on regressions of input and 
output orientated multiple energy service DEA performance measures.  Considering 
the input orientated measure first, regression models were identified with key 
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variables household disposable income, gas price, electricity price and temperature.  
The regression model with just income and price included had a similar level of fit 
when considering the adjusted R squared value (see Table 7.7) and therefore 
structural break tests are carried out on the same regression model given in the 
example described above for the input-orientated efficiency measure.  The 
unrestricted model for year t0 takes the form: 
yIn1 = a + β1xinc + β2xgp + D0 + β3 (D0 xinc) + β4(D0 xgp) + ε 
Where yIn1 is the input-orientated efficiency measure, xinc is the household 
disposable income variable, xgp is the gas price variable and D0, (D0 xinc) and (D0 
xgp) are the additional variables.   
Examining the p-values on the test statistic for each year, 1971-2011, shows a 
number of years where the null hypothesis is rejected because p ≤ 0.05.  From 1986 
to 2002, excluding 1987, and in 2005 and 2010 the p-value on the test statistic is ≤ 
1991 2002
Income
ᵝ (10-5) -1.19 -1.78
p-value 0.12 0.0000  ***
Gas price
ᵝ (10-2) 1.27 0.84
p-value 0.5 0.6
D0
ᵝ -0.33 1.57
p-value 0.009 ** 0.04 *
D0Income
ᵝ (10-5) 1.99 -10.4 
p-value 0.02 * 0.05 *
D0Gas Price
ᵝ (10-2) 2.17 5.73
p-value 0.35 0.06 .
adj R2 0.55 0.63
p-value (on adj R2) 0.0000 0.0000
Input
Table 7.15: Regressions results on unrestricted models for 1991 and 2002, input-orientated, 
multiple energy services performance measures. 
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0.05.  This suggests that the equation is not very stable and the relationships with 
variables are changing year to year over the period.  This supports the contention 
made earlier in the chapter that variation in input-orientated efficiency is not solely 
explained by technical efficiency improvements.  Largely, p-values hover around 
0.02 to 0.04, but in 1991 and 2002 p-values are smaller at 0.007 and 0.0002 
respectively and, therefore, these results will be considered in more detail.  Table 
7.15 shows the regression results for the model which include the additional 
variables for 1991 and 2002.   
The regression results for the unrestricted model with additional variables for 1991 
shows relationships with the dummy variable D0 and the D0Income variable which 
are statistically significant (p ≤ 0.05).  This suggests that in 1991 the structural break 
takes the form of an intercept change, where there is a decrease in efficiency 
(regression coefficient β is -0.33) and a change in the slope where the 
income/efficiency relationship changes.  β for the D0 income variable is 1.99 x 10-5 in 
comparison with -5.73 x 10-6 in the restricted model.   
The regression results for 2002 show income, dummy variable D0 and additional 
variable D0 income as statistically significant, suggesting a structural break where, 
again, both the intercept and income relationship have changed.  The regression 
coefficient for the dummy variable is 1.57 indicating an upturn in efficiency.  β for 
D0income, where the income relationship changes, is -1.04 x 10-4. The adjusted R 
squared value for the 2002 model is 0.63 in comparison with 0.42 in the restricted 
model (see Table 7.7).  A significantly increased proportion of the models fit is 
explained by the regression model when the additional variables are included to test 
for structural breaks.   
For the output-orientated multiple energy service performance measures, structural 
break tests were carried out for a regression model including household disposable 
income and proportion of owner occupied households with output performance 
measure 2.  These variables were selected because the ‘key variables’ regression 
models for output-orientated performance measures including energy prices had 
significantly lower adjusted R squared values and gas prices were less statistically 
significant than other variables related to household demographics in the ‘best 
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subsets’ models (see Table 7.9).  In addition, output measure 2 had a better fit with 
socio-economic explanatory variables than output measure 1.   
The restricted and unrestricted equations fitted to compute the test statistic in the 
Likelihood Ratio test are: 
yOut2 = a + β1 xinc + β2 xproo + ε  (R) 
  yOut2 = a + β1 xinc + β2 xproo + D0 + β3 (D0 xinc) + β4(D0 xproo) + ε (U) 
Where yOut2 is output orientated efficiency measure 2, xproo is the proportion of 
owner occupied households variable, dummy variable D0 is added to the second 
equation and multiplied through xinc and xproo variables ((D0 xinc) and (D0 xproo)).  
In contrast with the structural break tests on equations for the input-orientated 
measure the null hypothesis was only rejected in 2 years: 1986 and 1988 where the 
p-value on the test statistic was 0.04 and 0.03 respectively.  The regression results 
for both years give adjusted R squared values of 0.49 and 0.50 respectively with 
none of the variables in the extended equation statistically significant in either year.  
This could be due to multicollinearity between variables: there is a strong correlation 
between household disposable income and proportion of owner occupied homes and 
therefore it is likely that (D0 xinc) and (D0  xproo) are also correlated.   
The results presented in this chapter provide evidence that there are additional 
factors in particular years which have contributed to variations in energy efficiency 
from year to year between 1970 and 2011.  There is evidence for structural breaks in 
both input and output-orientated performance measures.  In Chapter 8, these results 
will be examined in detail and with reference to the policy review and policy timeline 
presented in chapter 3 of this thesis.   
7.6 Summary 
This chapter has presented the results of a two-stage analysis of the UK residential 
sector’s use of energy and related emissions to produce five energy services: space 
heating, hot water, cooking, lighting and electrical appliances.  The first stage of the 
analysis examined and compared different efficiency trends generated by the DEA 
procedure.  The linear programming in the DEA method can be input or output-
orientated leading to performance measures which describe two behaviours: energy 
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and emission reduction behaviour and increasing comfort behaviour.  Both types of 
measures have been generated for DEA models with multiple energy service outputs 
and space heating only outputs.  The general trend for input-orientated measures is 
decreasing, and then erratic efficiency in terms of how householders behave to 
reduce energy use and CO2 emissions in homes.  For output orientated performance 
measures the trend is for improving efficiency in terms of householder behaviour to 
increase comfort/service levels in homes. 
In the second, post-efficiency stage, regression analysis is used to explain the 
variation in efficiency scores over time in relation to two types of variable: factors 
which influence the level of energy service/comfort achieved for a set level of energy 
use and related CO2 emissions; factors which influence the level of energy use and 
related emissions for a set level of energy service/comfort.  The regression analysis 
results identify economic and socio-economic variables such as gas price, 
household disposable income, tenure type and average number of occupants as 
indicators of energy efficiency increases and decreases over the time period.  In 
addition, the analysis examines the extent to which the DEA measure of efficiency is 
related to technical efficiency improvements in UK homes.   
In the final part of this chapter, structural break tests were carried out to identify 
whether in particular years between 1970 and 2011 there is evidence of a step 
change in performance measures or in the relationships between efficiency and 
explanatory variables.  Input and output-orientated performance measures for 
multiple energy services were tested and Likelihood Ratio test results showed years 
where there were structural breaks. 
The results of both stages of the analysis raise a number of points that will be 
explored in the following discussion chapter.  In terms of the first stage DEA results, 
the differences between input and output orientated efficiency trends need to be 
considered in terms of what they imply about household behaviour and the extent to 
which this agrees or disagrees with previous studies of the sector.  They also need 
to be considered in conjunction with the policy review and policy and events timeline 
presented in Chapter 3 of this thesis. Performance trends suggest that efficiency, 
and in particular input-orientated efficiency, is influenced by a range of factors 
beyond technical improvements to the UK housing stock.  There are issues 
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surrounding the presence of rebound effects in the sector which have implications for 
the design of successful policies to reduce energy use and CO2 emissions.   
In terms of the second stage regression analysis results there are important points to 
consider surrounding the different influence of economic and socio-economic factors 
on input and output orientated results.  Energy prices appear to be a bigger indicator 
of input-orientated efficiency variation whereas output-orientated efficiency variation 
seems to have a greater correlation with tenure and demographic changes.  
Household disposable income correlated with both types of performance measure 
but increasing income is not necessarily an indicator of improving efficiency, 
especially in relation to reducing energy and emissions behaviour (input-orientated).  
These results have implications for the success of policies which do not consider 
these factors.   
Results of regressions with technical variables also highlight that there is not a 
straightforward relationship between technical improvements and energy efficiency 
improvements.  With the additional information provided by structural break tests 
carried out on performance measures, there is evidence that different factors 
influence how successfully householders have adapted to energy efficiency 
improvements in homes.  In Chapter 8 this evidence will be considered in relation to 
the outputs of previous studies of the UK residential sector compared in the meta-
review in Chapter 2 and the policy and events timeline presented at the end of 
Chapter 3.   
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Chapter 8: UK residential sector efficiency, influences and 
policy implications 
Chapter Highlights 
An unrestrictive, ‘moving picture’ model of efficiency; counteracting rebound effects; 
energy price, economic growth and demographic interactions; incentivising 
consumption reduction; indirect impacts of structural change; policy challenges.   
8.1 Introduction 
8.1.1 Overview 
The last two chapters have presented a procedure for a two-stage analysis of the UK 
residential sector’s energy use and emissions using the benchmarking method Data 
Envelopment Analysis (DEA), and the results of the analysis.  The two-stage DEA 
procedure was selected as a method which could model the available data and offer 
new insights to historical changes in the sector, addressing the research problem set 
out in the introductory chapter.  The research problem poses two questions.  Firstly, 
how can we quantitatively assess the relationship between different drivers, energy 
efficiency improvements, and energy use and related emissions in the UK residential 
sector?  Secondly, how can we assess the changes that have occurred as a result of 
policy and interventions designed to reduce energy use and related emissions in the 
sector, and the relationship with other factors such as price and income?   
The meta-review in Chapter 2 identified a knowledge gap in how the research 
problem has been addressed historically, which highlighted the need to better 
understand ‘energy efficiency’ in the UK residential sector: 
New approaches are needed to measure and understand historical ‘energy efficiency’ 
changes & behaviour in the UK residential sector in terms of both energy use and 
related emissions, relative to different types of influencing factors and policy 
interventions. 
Chapter 2 also identified that different influencing factors can broadly be considered 
in two ways and this categorisation has guided the analysis.  There are factors, 
mainly economic and socio-economic, which influence the level of energy 
services/comfort householders achieve in their homes for a set level of energy use 
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and related emissions.  There are other factors, mainly technical and structural, 
which influence the level of energy use and related emissions required to achieve a 
set level of service.  Chapter 4 compared research methods for examining historical 
changes in energy use and related emissions and considered the reasons why they 
do not address the research gap.  A new method, DEA, was identified as an 
appropriate tool to model UK residential sector energy use and related emission 
between 1970 and 2011.   
Chapter 6 provided a comprehensive description of the DEA procedure, explaining 
how the conversion of energy and emission inputs to energy service outputs by the 
UK residential sector could be measured.  The performance measure generated by 
DEA has been used in a second stage regression analysis to examine the 
relationship between efficiency and various influencing factors.  The results of both 
stages of the analysis were presented in Chapter 7.   
The focus of this chapter is on discussing the results of the analysis, what they mean 
in terms of the behaviour of the residential sector between 1970 and 2011, and the 
implications for future policy design.  The chapter relates to research objectives 4 
and 5: 
4) Model the variation in energy use and emissions and analyse the influence of key 
factors in relation to the changing social, political and economic landscape of the 
sector.   
5) Consider the potential of different intervention types on future UK residential 
sector energy use and emissions reductions and make recommendations. 
In the following section, the discussion centres on the efficiency trends estimated 
using the DEA procedure and considers what the new approach to measuring 
efficiency with input and output orientated performance measures tells us about the 
behaviour of the sector.  The section also considers the rebound effect and asks 
what the DEA results suggest about the sector’s response to technical efficiency 
improvements between 1970 and 2011.  In addition, the efficiency trends are 
considered within the context of the policy and events timeline presented at the end 
of Chapter 3.  The final part of the section considers the interactions between 
different types of variable and the implications for policy.   
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In sections 8.3 and 8.4 the focus moves to the results of the second stage regression 
analysis, firstly considering the effects of economic and socio-economic factors 
before examining the effects of technical and structural factors.  These sections will 
build on the comparison of regression results in Chapter 7.  Section 8.3 will examine 
how fluctuating energy prices and economic growth have influenced the sector to 
either act to reduce energy consumption and emissions or to increase 
service/comfort levels.  Section 8.4 will consider whether there is evidence that 
technical changes adopted by householders have resulted in ‘home improvements’ 
rather than ‘efficiency improvements’, or both.  It will also consider the influences of 
wider, structural change in the energy supply and domestic housing sectors.  Both 
sections will consider the implications for policy arising from the results of the two-
stage analysis.   
The final part of the chapter brings together the results from both stages of the 
analysis, to summarise the influence of policy on UK residential sector energy use 
and related emissions between 1970 and 2011.  It considers the policy implications 
highlighted in the discussion of the regression results for economic/socio-economic 
factors and technical/structural factors and identifies the main challenges in 
designing effective policy.  This section provides the foundations for a set of policy 
recommendations presented in the concluding chapter of this thesis.   
8.1.2 The research hypotheses 
At the end of Chapter 4, where DEA was first identified as a suitable method for 
modelling residential sector energy use and emissions, five research hypotheses 
were presented relating to different types of influencing factor.  Sections 8.3, 8.4 and 
8.5 consider whether the results of the two-stage analysis support or refute the five 
hypotheses reproduced here:  
(Economic) Variation in the fuel price has had an impact on the efficiency of energy 
service demand in the UK residential sector.  
(Socio-economic) Changes to UK household income and tenure have had an 
impact on the efficiency of energy service demand in the UK residential sector. 
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(Technical) Uptake of: (a) more efficient boilers; (b) more efficient electrical 
appliances; (c) central heating d) loft and wall insulation has had an impact on the 
efficiency of energy service demand in the UK residential sector.   
(Structural) Changes to the energy supply sector have had an impact on the 
efficiency of energy service demand in the UK residential sector.   
(Policy) Changes to the building regulations and introduction of energy efficiency 
schemes have had an impact on the efficiency of energy service demand in the UK 
residential sector. 
8.2 DEA performance measures: energy efficiency trends.  
8.2.1 A new method for measuring energy efficiency 
Data Envelopment Analysis (DEA) was selected as a new method for measuring the 
efficiency and behaviour of the UK residential sector in terms of how it has used 
resource inputs, energy and CO2 emissions, to produce energy services outputs 
between 1970 and 2011.  The DEA method was selected because it can address 
some of the limitations of other approaches to top-down modelling of historical 
changes in the sector and provide a measure of behaviour which can be analysed to 
assess the influence of different factors.   
Top-down econometric efficiency measures often require definition of one aggregate 
measure of output.  For the housing sector this is challenging when the energy 
consuming activities of the sector do not add measurably to GDP.  Energy 
expenditure is often used as a proxy measure of sector output in studies, as 
highlighted in this thesis (e.g. Agnolucci et al., 2009).  An additional disadvantage of 
economic definitions of efficiency is that they do not include information regarding 
the fuel mix of the energy supply (Patterson, 1996).  For these reasons, economic 
efficiency measures lack explicitness in terms of the development of technologies 
used, making an analysis of the impact of building stock improvements challenging. 
In comparison, technical, thermo-dynamic efficiency definitions, though 
technologically explicit, lack information on how energy is used in homes to deliver 
the five energy services householders require in the sector: space heating, hot water, 
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cooking, lighting and use of electrical appliances.  This makes analysis of the 
influence of factors on behaviour difficult.   
The DEA method can address these limitations because it is able to handle multiple 
input and output measures to generate an efficiency measure which is a multi-
dimensional description of how the sector has used energy.  DEA is a system-
orientated approach, appropriate for the UK residential sector because it recognises 
that inputs and outputs interact in the process whereby consumption of energy and 
subsequent production of CO2 emissions is converted into multiple energy service 
outputs in homes.  Because of this, DEA does not require definition of one aggregate 
measure of output, and the inclusion of both energy consumption and CO2 emission 
inputs means that the impact of a changing fuel mix on the carbon intensity of energy 
used is also recognised.  DEA is a non-parametric method and therefore it is not 
necessary to impose a functional form on the relationship between inputs and 
outputs; a benefit when considering multiple energy services, demand for which has 
varied over time for a variety of reasons.   
The system-orientated DEA approach taken in this thesis has generated a number of 
performance measures for the UK residential sector which describe the sector’s 
behaviour between 1970 and 2011.  The performance measures are detailed, non-
parametric, quantitative measures in comparison with simpler efficiency definitions 
with only one output measure of economic activity.  DEA is based on the comparison 
of a sample of different organisations to construct an efficient frontier of production or 
consumption.  A key idea in the analysis in this thesis is that each year of the 
aggregate sample is treated as a separate organisation.  The efficiency trends 
provide a ‘moving picture’ of how the sector’s response to factors such as changing 
technologies, the price of energy, economic growth and winter temperatures has 
influenced its use of energy and related emissions to achieve energy services over 
the period.  Some aspects of this ‘moving picture’ are at first glance surprising and 
unexpected but when examined support a description of ‘energy efficiency’ which is 
complex, ever-changing and adapting, as will be explored in this chapter.   
The general consensus of reports such as the UK Housing Energy Fact File (Palmer 
and Cooper, 2014) is that the technical condition and efficiency of the UK housing 
stock over time has increased incrementally.  One of the most interesting aspects of 
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the DEA efficiency trends is the at times erratic nature of the results, with what are 
arguably better than expected efficiency scores in particular periods.  The efficiency 
trends suggest the relationship between technical improvements and how efficiently 
householders achieve energy services in their homes is not straightforward.  This is 
particularly true for input-orientated efficiency measures where the earlier period 
appears relative more efficient than later years, but there is also unexpected 
variation in output-orientated efficiency measures.   
The results suggest that energy efficiency, as described by the DEA approach, is 
volatile and that technical efficiency improvements do not appear to automatically, or 
immediately, lead to householders achieving their energy service needs more 
efficiently.  Factors beyond technological change influence the behaviour of the 
sector and indeed, the aim of the second stage regression analysis of DEA 
performance measure was to explore the relative influence of these factors.  The rest 
of this chapter focuses on explaining the results of the two-stage analysis, and 
investigating the complex relationship between technological development and 
sectorial behaviour.  It asks what lessons can be learned by considering the results 
of a multi-dimensional, system orientated and new approach to measuring energy 
efficiency in the UK residential sector.   
8.2.2 Input and output-orientation: measuring two behaviours 
One of the key decisions made in the linear programming in the DEA procedure was 
whether the model was input or output-orientated.  In an input orientated model, the 
expenditure of resource inputs is minimised without reducing outputs.  In an output 
orientated model the focus is on maximising outputs without increasing inputs.  As 
chapter 6 identified, the choice of either input or output-orientation for models of the 
UK residential sector’s use of energy and related emissions to achieve energy 
services describes two different behaviours.  Input-orientated performance measures 
describe the sector’s behaviour in acting to reduce energy consumption and 
emissions to achieve a set level of service/comfort.  Output-orientated performance 
measures focus on the sector’s behaviour in terms of how it acts to increase 
service/comfort levels for a set level of energy consumption and emissions.  Though 
it is an unusual approach to examine both orientations in DEA the competing policy 
objectives of reducing energy use and related emissions to meet targets whilst 
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maintaining household living/comforts standards make it pertinent to do so in this 
thesis.  Choosing one direction in which to benchmark the performance of the UK 
residential sector would suggest that one objective was more important than the 
other, when both should be considered to ensure successful policies. 
It is possible to select either orientation in programming because of the variable 
returns to scale (VRS) assumption made about the underlying technology set of the 
residential sector DEA model.  The VRS assumption applies because there is both a 
minimum level of energy use and emissions necessary to produce a basic level of 
service in the sector, and a maximum level of service/comfort that the sector can 
achieve, with the range of technologies available.  Inputs and outputs cannot be 
scaled up or down indefinitely and the efficiency of particular years in the sample is 
determined relative to the performance of other years in the sample.  This remains 
true despite the significant technological changes that have taken place in the sector, 
because all technologies are used to convert energy use and related emissions input 
to service outputs and, therefore, all years in the set can be considered to share a 
technology.  Because of the VRS assumption, particular years can be more or less 
efficient relatively in input-orientated measures than output-orientated measures 
which is why selecting different orientation produces different efficiency trends.   
The differences between input and output-orientated efficiency trends is another 
interesting aspect of the results.  If considering the volatility in energy efficiency 
highlighted in the previous sub-section, an initial examination of the input and output 
orientated performance measures for multiple energy services shown in Figures 7.1 
and 7.2 can offer some cause for concern.  Though the output-orientated measures 
show trends of gradually increasing efficiency from the mid-80s onwards, the input-
orientated measure shows an initial period from 1970 to 1985 which is relatively 
efficient in comparison with the remainder of the time period.  This is counterintuitive 
when considering the incremental improvements to the building stock over the last 
40 years.  It is also worrying because it suggests a disparity between the two 
behaviours, reducing energy consumption and emissions, and increasing 
service/comfort levels, where householders are becoming more efficient at achieving 
a higher quality of life but less efficient at reducing consumption for the benefit of the 
environment.   
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An important point to consider is that that the efficiency trends do not show increases 
in either UK residential sector energy consumption or related emissions between 
1970 and 2011 in either the input or output-orientated performance measures.  The 
trends show the behaviour of the householders in terms of how efficiently they have 
met their energy needs each year.  The comparative efficiency and inefficiency of 
various time periods could be due to a variety of reasons which have influenced 
householder’s actual or perceived energy needs such as switching to central heating, 
increased ownership of appliances or increases in living standards.  These factors 
will be examined in turn in discussion of the stage two regression results in sections 
8.3 and 8.4 of this chapter.   
A final point to consider is that there are benefits to improving the efficiency of both 
types of behaviour described by input and output-orientated performance measures.  
A focus on reducing energy consumption and CO2 emissions contributes to targets 
for improving and potentially saving the environment, now and in the future.  At the 
same time, increasing service and comfort levels in homes contributes to a higher 
quality of life.  This is particularly true for households which may have formerly been 
fuel poor but due to increased household income or new technologies are able to 
achieve better comfort levels.  Policymakers must consider both aspects because it 
is arguably politically impossible for governments to suggest meeting environmental 
targets at the expense of standards of living.  The priorities of the current Secretary 
of State for Energy and Climate Change state that “To work for everyone, de-
carbonisation has to be affordable and sensitive to the impact it has on people’s 
pockets and wider economic circumstances” (DECC, 2015h).  How to positively 
influence both energy and emission reduction behaviour, and increasing 
service/comfort behaviour through policy is a question this thesis aims to answer.   
8.2.3 Improving efficiency and the rebound effect 
Discussion so far in this chapter has highlighted that improvements to the UK 
building stock, and the technologies used within, from uptake of more efficient 
appliances and lighting, and measures such as loft insulation and boiler 
replacements, have not automatically led to improved energy efficiency.  In Chapter 
7 it was proposed that particularly in terms of the input-orientated performance 
measures the decreasing and then erratic efficiency trend from the mid-80s onwards 
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suggests there have been rebound effects in the sector.  In contrast, output 
orientated measures for multiple energy services have an initial period of erratic 
efficiency followed by a steady increase in efficiency.  This suggests the behaviour of 
the housing sector has started to respond to efficiency improvements from the mid to 
late 80s onwards but there is not an incremental improvement over the whole period 
starting in 1970.   
Rebound effects arise when savings and increased household income from 
efficiency improvements are spent on increasing comfort levels and hence energy 
consumption rather than improving environmental performance.  Rebound effects 
can be classified as substitution and income effects.  Efficiency improvements either 
reduce the cost of an energy service leading to increased consumption of that 
cheaper service as a substitute for consumption of another service or they lead to an 
income increase, which allows consumers to increase the level of service they 
demand. The DEA efficiency trends show that improvements in ‘increasing 
service/comfort’ behaviour have occurred at the same time as ‘reducing energy 
consumption and emissions’ behaviour has decreased or has been volatile.  The 
length of time over which output-orientated efficiency increases, whilst input-
orientated efficiency is falling suggests that here have been rebound effects in the 
sector while the sector has adapted to increased energy service demand.  Why or 
how they have occurred needs further examination.   
Savings from technological changes and improvements can take some time to ‘show 
up’ as efficiency savings.  There are three different categories of rebound effect 
(Sorrell, 2009).  ‘Backfire’ can occur in the short term when householders’ new 
technologies provide a fundamentally different level or type of energy service than 
prior to the change and as a result overall energy consumption actually increases in 
the short term.  The more likely outcome of technical efficiency improvements is that 
there is a partial rebound effect where energy consumption and emissions decrease 
but not to the full extent possible with the new technology due to substitution and 
income effects.  In the third category of rebound effect called super conservation, all 
savings from efficiency improvements are realised and not re-spent on increasing 
service levels. 
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Figure 8.1 below describes the different categories of rebound effect.  The extent of 
the rebound in economic sectors can vary over time with initial ‘backfire’ or partial 
rebound effects becoming a partial rebound or super conservation as householders 
adapt to the new technology, or are incentivised to use the technologies more 
efficiently.  In the case of the UK residential sector, the input-orientated performance 
measures in particular suggest at least a partial rebound effect because 
householders do not appear to have started improving how efficiently they act to 
reduce energy consumption and emissions till around 2002.  Improving, if erratic, 
efficiency follows the relatively efficient period from 1970 to the mid-80s followed by 
a period of low relative efficiency from 1986 to 2002.   
 
There have been schemes supporting grant aided acquisition of loft insulation since 
the 1970s and for cavity wall insulation and condensing boilers since the mid-90s.  
Non grant aided acquisitions have also occurred over this period.  In addition, UK 
Building Regulations have progressively increased standards for thermal insulation 
for new dwellings at various points since the 1970s and have set boiler efficiency 
standards since1998 (see policy review discussion and timeline).  Energy labelling 
for electrical appliances was introduced in 1995 (Shorrock, Henderson and Utley, 
2005).  The DEA results suggest there is a lag between the improving technical 
efficiency of the building stock and householders acting more efficiently, but the 
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Figure 8.1: Categories of rebound effect 
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reasons for this are unclear before examination of results from both stages of the 
analysis.   
The apparent lack of motivation or inability to act more efficiently could be due to a 
number of reasons.  The shift from coal fire heating to gas central heating in a 
majority of homes has undoubtedly had an impact on how energy is used and the 
standards of comfort householders expect.  Additionally the amount and variety of 
electrical appliances available to householders has increased significantly since 
1970. These factors are highlighted in many reports on energy consumption in the 
sector such as the UK Housing Energy Fact File (2014) and discussed in this thesis.  
It is possible that whilst householders have adapted to changes in how energy 
services are delivered in homes, and the level of service available, energy efficiency 
may have not been a priority.  This may have led to initial wastefulness before 
householders started acting to makes home and the appliances and systems within 
more efficient.  
It is also possible that householder’s capacity to be able to increase comfort/service 
levels in homes due to economic growth and higher household disposable incomes 
may have increased at a faster rate than technology based energy savings, following 
initial installation of, for example, central heating.  Household energy using routines 
may have become established and householders unmotivated to switch to newer 
more efficient appliances and heating systems.  Finally, household energy costs may 
have been insufficiently high in certain periods to motivate householders to act more 
efficiently to reduce energy consumption and subsequently emissions.   
All these factors could account for a time lag between energy service demand 
increases and the sector acting to reduce energy consumption and emissions.  The 
performance measure generated in the DEA approach suggest that there is a time 
lag between service levels increasing and householders acting more efficiently and 
hence there are rebound effects in the UK residential sector.  Because overall 
energy consumption has increased at a slower rate than energy service demand 
increases then it seems likely that there has only been partial rebound between 1970 
and 2011 rather than backfire though the extent of the rebound may have varied 
during different periods of the analysis.  Despite rebound effects, the fact that both 
input and output-orientated efficiency scores are largely better in the 2000s than the 
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1980s and 1990s suggests efficiency improvements are increasingly employed and 
are becoming more effective in overriding energy service demand increases.   
8.2.4 Energy efficiency and the timeline of policies and events 
This chapter has largely focussed on the results from the first stage of the analysis 
and has considered some of the possible explanations for the behaviour described 
by different DEA performance measures.  The results of the second stage of the 
analysis will be examined in more detail to assess the influence of a range of 
economic, social, technical and structural factors.  Prior to this, it is important to 
return to the policy review and policy and events timeline in Chapter 3 to consider 
how changes in efficiency fit within the context of the changing political, social and 
policy landscape of the UK between 1970 and 2011.  Section 8.5 will build on this 
initial overview but will bring in additional evidence supplied by the results of the 
second, regression analysis stage of the DEA.   
The policy review highlighted how the status and direction of energy and, since the 
late 80s, climate change policy has changed both nationally and internationally over 
the 40 plus year period from 1970 to the present.  An initial period of relative 
importance due to concerns about the price of oil and energy security was followed, 
after the election of the first of four Conservative governments in 1979, with a period 
of diminishing importance.  This was largely due to a belief that the government’s 
role was not to plan energy and part of the shifting ideological focus on ‘free and 
competitive’ energy markets which led to the liberalisation of gas and electricity 
industries in the late 1980 and early 1990s (Pearson and Watson, 2011).  By the 
beginning of the 1990s the UK could depend on North Sea oil and gas instead of 
nuclear power and coal, meaning energy security became less of an issue (Strachan, 
2011).   
In Initial examination of both input and output-orientated efficiency trends in Figure 
7.1 and 7.2, it is hard not to notice the apparent correlation between the decreasing 
status of energy policy, a move away from state planning to liberalised energy 
markets and significant changes in efficiency trends in the mid-80s.  In the input-
orientated performance measure, the period between 1986 and 2002 sees a large 
drop in relative efficiency of between 15% and 20% compared with the period 1970 
to 1986 where efficiency varies between being fully efficient and inefficient by 10%.  
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Relative efficiency does not begin to improve until the 2000s. In both output-
orientated performance measures the mid-eighties sees a change from the period of 
seemingly erratic switches between efficient and inefficient behaviour (up to 10% 
variation in performance measure 1 and nearly 20% in performance measure 2) 
between 1970 and 1986, to a period of increasing relative efficiency up to 2011.  The 
period between 1986 and the early 2000s sees a bigger increase in efficiency then 
the more efficient later period: 15% and 7% for performance measures 1 and 2 
respectively in comparison to less than 5%.   
The correlation between the role of the state and efficiency behaviour appears to 
continue when considering that the role and status of energy and climate change 
policy has increased since the late 90s for several reasons.  The Kyoto protocol was 
adopted in 1997 signalling a requirement for member states of the United Nations 
Framework Committee on Climate Change (UNFCCC) to commit to emission 
reductions.  As a result and EU policy focus on climate change issues began. In the 
same period, North Sea oil and gas production peaked in 1999 and energy security 
was moved back on to the government’s agenda.  The new Labour government 
elected in 1997 continued with the liberalisation programme started by the 
Conservatives in the 1980s and did not immediately make huge changes in terms of 
policy apart from reducing the rate of VAT on domestic fuel and power from 8% to 5% 
and.  The Labour Party’s second election win in 2001 marked the appearance of a 
new focus on the environmental issues and social inequalities of energy use.  The 
rest of the decade saw the development of a Fuel Poverty Strategy in 2001, the 
introduction of a number of schemes to improve the condition of the housing stock 
such as Energy Efficiency Commitments 1 and 2 in 2002 and 2005, and the 
formation of DECC and the UK Climate Change Act in 2008.   
Examination of the output-orientated performance measures for multiple energy 
services shows that they appear less volatile over the decade from 2001 to 2002 
then the rest of the period.  Output-orientated efficiency is increasing and relatively 
stable in the latter part of the analysis.  In the input-orientated performance measure, 
efficiency is less stable but is increasing with some years fully efficient: 2005, 2010 
and 2011 (or nearly fully efficient in 2002).  The changes in both types of 
performance measure over the period between 2002 and 2011, appears to support 
the contention that an increased focus on energy and climate change policy have 
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contributed to efficiency improvements over the period 2002 to 2011.  Thinking about 
key changes in efficiency trends discussed in this section, and how they fit in with the 
policy review and timeline, a picture emerges that suggests the changing ideological 
focuses of governments may have influenced residential sector energy efficiency.  
Whether this is the case will be discussed later on in this chapter. 
8.2.5 Interactions between influencing factors, policies and events 
Just considering how efficiency trends have changed in line with broad changes to 
the political focus of energy and climate change policy misses many important 
interactions with other factors which may have also influenced the behaviour of the 
UK residential sector.  As has been discussed, householder’s demand for energy 
services in the 1970s was very different to the present, with far fewer appliances and 
fewer houses with central heating.  With less of a perceived need or capacity to 
increase service/comfort levels it was perhaps easier to be efficient in minimising 
energy use and emissions in this period as there was less opportunity to be wasteful.  
The state of energy policy in the 70s, focused on energy security, perhaps reflects 
the lower profile of energy consumption and efficiency in homes.  Though events 
such as the oil price shocks of 1973 and 1979, and the winter of discontent, 1978 to 
1979, may have led to energy consumption and emission changes, the influence on 
efficiency is relative to how efficiently householders have acted in other years.  In the 
earlier period increases or decreases in energy consumption may have more closely 
reflected increases or decreases in the level of service/comfort demanded because 
householders had little choice in how they responded.  Or, to put it another way, 
service levels may have fluctuated more because householders were more likely to 
accept the need to reduce comfort levels in response to temperature changes or 
prices.   
Thinking along these lines, as demand for the five different energy services has 
varied over time then the relative influence of different factors such as income and 
temperature is also likely to have changed.  Considering the external temperature, 
which is included in DEA modelling as a non-discretionary, uncontrolled variable, it is 
possible that temperature variation has accounted for bigger or smaller variations in 
efficiency during different periods of the analysis between 1970 and 2011.  One of 
the main incentives of carrying out a post-efficiency regression analysis of 
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performance measures is to examine the influence of different factors on the two 
different behaviours to gain insight in to how householders have both increased 
energy service levels or adapted to energy service demand changes.   
Another point to consider is whether there are interactions between structural 
change and other factors.  For example, discussion in Chapter 3 identified that 
changes to the energy supply industry have influenced energy prices.  This could 
account for increases or decreases in energy efficiency, but the price change is 
indirectly the result of the policy change so economic and structural factors are 
related.  In addition, the liberalisation of the energy industries in the late 80s to early 
90s, and the move away from the more polluting coal to gas, as the price of solid 
fuels increased, contributed to the ‘dash for gas’ in the 1990s.  This led to a 
reduction in the carbon intensity of the electricity supply which would intuitively 
appear to make it easier for households to be more efficient because a lower level of 
related emissions, if not energy consumption, would be required to achieve the same 
level of energy services.  How carbon intensity changes interact with other changes 
such as price and income, will also have to be considered in this thesis.  
The focus of this chapter now turns to the stage two regression results with the aim 
of unpicking the interactions between different variables to better understand how 
economic, socio-economic, technical, structural, and policy factors have influenced 
the efficiency of energy service demand between 1970 and 2011.  Understanding 
the different interactions between factors can provide a clearer picture of the types of 
policies and other influences which have motivated either energy and emission 
reduction behaviour, increasing service/comfort level behaviour, or both.  It will also 
identify the main issues with regards to how to make policies, regulations and 
schemes more effective in the future.   
8.3 Energy efficiency and changing social and economic landscape 
8.3.1 Overview: variables affecting the level of energy service demand 
Two broad categories of variable which influence UK residential sector energy use 
are identified in this thesis.  Broadly, factors either influence the level of energy 
service demanded by householders for a set level of energy use and emissions, or 
they influence the levels of energy and related emissions required to achieve a set 
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level of energy service.  Economic and socio-economic variables are considered to 
fall in to the first category with technical and structural factors comprising the second 
category.  External temperature as a factor is considered to set a basic requirement 
for energy use and related emissions whilst at the same time influencing 
service/comfort levels. External temperature was included in DEA modelling as a 
non-discretionary variable.   
A number of studies examined in the meta-review estimated both price and income 
effects on energy demand and other variables related to energy use.  In addition, 
some studies considered the impacts of population, household size and other 
demographic factors such as household tenure on energy demand, carbon 
emissions and energy expenditure.  In top-down and econometric studies the price 
of energy or individual fuels and average household income were found to be factors 
which influenced energy demand.  In longitudinal studies, long-run reported price 
and income elasticities show energy demand is relatively inelastic in response to 
both price and income (the percentage increase or decrease in energy demand is 
less than the percentage increase in price).  Individual fuel demands (gas, electricity, 
oil etc.) were generally found to be more elastic in response to both own price and 
income in comparison with total energy demand and the energy price.   
Section 7.3 presented the results of regressions with input and output-orientated 
performance measures and variables affecting the level of energy service demand.  
DEA models for multiple energy services and space heating energy service only 
were included in the analysis.  Discussion in the following sections will largely focus 
on multiple energy service DEA models because they provide the most 
comprehensive description of residential sector behaviour.  Some reference will be 
made to single service model results where they provide either an interesting 
contrast or support for multiple service model results.   
Similarly to the initial examination of efficiency trends, at first glance some of the 
regression results are unexpected and require further thought about what has been 
happening in the sector, in terms of behaviour, between 1970 and 2011.  For the 
input orientated multiple energy services results, household disposable income and 
the gas price are the most significant factors with p-values of 0.005 and 0.0007 
respectively in a regression model containing these two variables only (see Table 
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7.6).  For the regression model, the adjusted R squared value is 0.42 showing that 
42% of the variation in efficiency is explained by these two factors.  The regression 
coefficient is positive for gas price suggesting price increases correlate with 
increased efficiency.  The more surprising result is for income, where the regression 
coefficient is negative, suggesting income increases have correlated with decreased 
efficiency in terms of how households act to reduce their energy consumption and 
emissions.   
In the regression results for multiple energy service output-orientated performance 
measures 1 and 2, two models selected as ‘best-fit’ following variable selection 
procedures had adjusted R-squared values of 0.40 and 0.49 respectively. 
Performance measure 2 includes the population variable as a proxy for hot-water 
demand and/or the effects of population growth.  For the performance measure 1 
model, household disposable income, gas price, proportion of owner occupied 
households and proportion of privately rented households were all found to be 
significant with p-values of 0.002, 0.02, 0.08, 0.02 and 0.02 respectively.  In this 
model income is more significant than gas price.  For the performance measure 2 
model, household disposable income, household size (average number of 
occupants), external winter temperature, proportion of owner occupied households 
and proportion of privately rented households were all found to be significant with p-
values of 0.0003, 0.01, 0.02, 0.02 and 0.01 respectively.  Gas price falls just outside 
of the 5% range in terms of significance (p = 0.06).   
Considering gas price first, the regression coefficient is positive suggesting price 
increases correlate with efficiency increases, similarly to the response of input-
orientated efficiency to gas prices.  In contrast with input-orientated results the 
regression coefficient for household disposable income is positive where income 
increases correspond with efficiency increases.  Unlike the input-orientated results, 
inclusion of demographic variables such as household size and information on 
tenure improves the fit of the model. 
The regression results for input and output-orientated single energy service (central 
heating) DEA models show the same relationships with variables as multiple energy 
service models.  Price increases correlate with increases in efficiency for both 
different behaviours and household disposable income increases correlate with 
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decreases in input-orientated efficiency and increases in output-orientated efficiency.  
In contrast with multiple energy service results, regression models for the input-
orientated measure are a better fit than the output orientated model with adjusted R 
squared values of 0.83 and 0.79 in comparison with 0.37.  This supports the idea 
that that the multiple services efficiency measure which describes householder’s 
behaviour in using all energy services is complex, as discussed in the previous 
section, especially in comparison with the input-orientated efficiency single energy 
service measure.  
The rest of this section will examine the results of the second stage regression 
analysis in more detail in terms of the historical changes in prices, economic growth 
and demographics in the UK residential sector, and their influence on energy 
efficiency.  External winter temperature was included in regression modelling to 
determine whether efficiency variation was largely due to external temperature 
variation.  The effects of external temperature change are incorporated in to DEA 
efficiency measures due to its inclusion as a non-discretionary variable.  The 
regression results showed that though sometimes external temperature was a 
statistically significant variable, especially with output-orientated performance 
measure 2, it was not a consistent influence and other variables were more 
significant.  Therefore this section focuses on other categories of influencing factor.  
The previous section highlighted how economic, socio-economic, technical and 
structural factors may interact partly due to the changing ideologies and focus of 
energy and climate change policy and other events.  These interactions will be 
considered in relation to the findings of the two-stage analysis and the findings of 
previous studies of UK residential sector energy use and emissions examined in 
Chapter 2 of this thesis.     
8.3.2 The price of energy and its impacts on efficiency behaviour 
The results of the post-efficiency regression analysis identified price as an influence 
of energy efficiency in the UK residential sector, with the finding that price increases 
correlate with both input and output-orientated efficiency increases.  Largely, the gas 
price appears to be more significant than the electricity price.  In regressions of the 
input and output-orientated multiple energy service performance measures the 
electricity price is statistically insignificant except in the ‘key variables’ regression for 
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output-orientated performance measure 2 where the fit of the model is not as good 
as the ‘best fit’ models.   
The regression results can be seen as supporting the findings of previous studies of 
UK residential sector energy use and emissions, reviewed in the meta-review in 
Chapter 2, where price increases lead to energy demand reductions.  It seems 
probable that householders who are motivated to reduce their energy consumption 
will act more efficiently to do so.  The results suggest that householders are both 
more motivated to reduce energy consumption and emissions for a set level of 
energy service, and to increase service/comfort levels for a set level of energy 
consumption and emissions.   
This is an interesting result at the whole sector level, because it suggests there is a 
role for price mechanisms in meeting environmental targets whilst not constraining 
household living conditions by reducing the levels of energy services achieved in 
homes.  Though low price-elasticity estimates in studies suggest large price changes 
may be needed to have a noticeable effect. At a household level though, there are 
homes who are considered to be fuel poor and where price increases would not be 
tolerable.  Chapter 3 described how households in ‘fuel poverty’ can be unable to 
afford to adequately heat their homes in winter (see Boardman, 2010). Therefore it is 
necessary to consider the impacts of price in relation to income effects before 
exploring possible roles for price in future energy and climate change policy.  
The UK Housing Energy Fact File (Palmer and Cooper, 2014a) discusses household 
spending on energy and presents gas and electricity price and expenditure data.  
Gas and electricity bills have been influenced by a variety of factors over the period 
including price variations, changes to the proportion of particular fuels used at 
different times (i.e. the switch from solid fuels to gas for heating and increased use of 
electrical appliances) and external temperature.  Figure 8.2 shows average fuel 
prices in the UK between 1970 and 2011, normalised to 2011 prices.   
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Figure 8.2: Average UK Household Fuel Prices (p/KWh, 2011 prices)4 
The plot shows the relatively high cost of electricity, as well as the cost of gas 
relative to oil and solid fuels.  A discussion of the cost of energy reported that studies 
identify electricity use as a significant influence of household energy bills because of 
its relatively high price.  On the other hand, the majority of energy used in homes is 
for space heating and most central heating systems use gas, so gas use, despite the 
lower cost, is a significant contributor to costs as well.  In the regression results the 
gas price is more consistently a predictor of energy efficiency suggesting that 
householders’ energy using behaviour is most greatly influenced by space heating, 
and possibly hot water, energy service demand than other energy service end uses.  
A large proportion of energy consumed in the UK housing sector is used for space 
heating so this is unsurprising.  
The data in the fact file shows that spending per household on ‘heating, light and 
power’ has fallen overall between 1970 and 2011, whilst total household spending 
has increased (figures are normalised to 2011 prices).  This means that energy costs 
as a proportion of total household spending are lower in 2011 than in 1970 (Palmer 
and Cooper, 2014, pp 26 and 27) though there is of course variation over the 40 year 
period.  One issue though is that households are on average smaller now, with fewer 
                                            
4 Data for Figure 8.2 is taken from Table 3c of the UK Housing Energy Fact File Data Tables (DECC, 
2014c). 
Chapter 8: UK residential sector efficiency, influences and policy implications 
273 
 
occupants, so per head of population energy costs as a proportion of spending have 
increased.   
Annual gas and electricity bills (normalised at 2011 prices) and average weekly 
expenditure on fuel, light and power all reach their lowest levels in the early 2000s.  
This coincides with the lowest prices during the time period (see Figure 8.2 above) 
and also with a period where household expenditure on all goods was increasing to 
its peak in 2004.  This is interesting when considering the structural break tests 
performed on regression models.  Tests on a regression model for the multiple 
services input-orientated DEA model with gas price and income variables, and 
including extra dummy variables for year, and price and income gradient changes, 
identified structural breaks in 1991 and 2002.  The regression results for both years 
show statistically significant relationships with a step change in efficiency and a 
gradient change in the relationship with household disposable income.  In 2002, 
income was also statistically significant in the regression (p value ≤ 0.001).   
The structural break test regression results for 2002 suggest that household 
disposable income, and changes in the rate at which it has increased, are significant 
influences of efficiency.  This is explored further in the following section.  Discussion 
of price and expenditure trends has also identified the early 2000s as a period of low 
prices and bills in comparison to other periods.  It is seems possible that as well as 
income having a direct impact on efficiency it may have also influenced the extent to 
which householders have responded to energy prices at different times.   
If this is the case then the extent of the influence is probably different for input and 
output-orientated measures. The gas price is a more statistically significant indicator 
of input-orientated efficiency than output-orientated efficiency, where it is more 
significant than income.  Efficiency trends show householders are least motivated to 
‘reduce energy consumption and emissions’ (input-orientation) in 2001 following a 
period of falling efficiency from 1985 and at the same time as energy prices have 
fallen to their lowest point.  In comparison, income is a more significant indicator of 
‘increasing energy service/comfort’ behaviour (output-orientation) where, in addition, 
no structural breaks were identified.   
The positive relationship that price has with both behavioural efficiency measures is 
an important one to consider in terms of policy as it identifies that price is both a 
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motivator of ‘reducing energy consumption and emissions’ behaviour and ‘increasing 
service/comfort’ levels behaviour.  This suggests that price mechanisms can be used 
to improve energy efficiency whilst supporting two important objectives of energy and 
climate change policy: meeting environmental targets and growing the economy.  
Energy price increases are unlikely to be popular with the public or politicians though 
so the extent to which price should play a role in energy policy will be discussed later 
in this chapter.  This section has also highlighted that there are interactions between 
household income and price.  These could further complicate the issue of using price 
mechanisms to improve energy efficiency in the UK housing sector if lower income 
families are inadvertently disadvantaged.  This will also be discussed in section 5 of 
this chapter.  
8.3.3 Economic growth effects: income  
The relationships between household disposable income and different measures of 
efficiency in the UK housing sector is an interesting aspect of the regression results 
because it highlights a potential discrepancy between the two policy objectives of 
meeting environmental targets and economic growth.  Household disposable income 
per head is a statistically significant variable in most regressions and the relationship 
between efficiency and income is consistently different for input and output-
orientated performance measures.  Increases in household income correspond 
negatively with ‘reducing energy consumption and emissions’ efficiency behaviour 
and positively with ‘increasing service/comfort levels’ efficiency behaviour.  Figure 
8.3 shows data taken from the United Kingdom Economic Accounts on real UK 
household expenditure per head and shows the increase over time.  Real income 
data is adjusted to remove inflation.    
The results of previous econometric studies of UK housing energy use and 
emissions generally show that increasing income correlates with increased energy 
demand in the sector, though long-run income elasticities are inelastic so income 
increases leads to a correspondingly smaller increase in energy consumption.  
Whether energy efficiency increases or decreases in response to higher energy 
consumption as a result of higher disposable incomes, depends on how 
householders act.  A higher disposable income could make householders more 
wasteful because they have less reason to worry about their energy use and, as a 
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result, energy use increases while energy service/comfort levels stay the same.  
Alternatively, a higher income may motivate householders to make technical 
efficiency improvements to their homes and appliances, so that energy consumption 
does not increase at the same rate as increases in service/comfort levels.   
 
Figure 8.3: Real UK households’ disposable income per head. 5 
Figure 8.3, shows that household income has increased over the period from 1970 to 
2011 but the rate at which it has increased has varied.  In the 1970s, real household 
disposable income increases overall by under £2000 and there is a period between 
1973 and 1977 where it falls slightly.  In the 1980s, income increases by a larger 
amount, just under £3000.  In the 1990s the increase is even bigger as real 
household disposable income per head increases by just over £3500.  In the 2000s 
the rate of income increases at a slower rate, approximately £2000 over the decade, 
and drops between 2010 and 2011. 
In the previous section on price effects, the structural break tests carried out were 
briefly discussed.  The results of the tests showed possible breaks in 1991 and 2002 
in the input-orientated, multiple energy service performance measure.  Regression 
models for those years with gas price and income variables, as well as additional 
                                            
5 Data for Figure 8.3 is taken from United Kingdom Economic Accounts Time Series Data Sets 1955-
2013, Real UK household’s disposable income per head, chained volume measures and seasonally 
adjusted (ONS, 2015). 
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dummy variables had adjusted R squared values of 0.55 and 0.63.  Looking at the 
regression coefficients for statistically significant variables provides more information 
on how the relationship between price, income and efficiency has changed between 
1970 and 2011.   
In 1991 there is a step change decrease in efficiency (negative regression coefficient) 
and a positive (efficiency increase) change in the relationship with income.  This 
interestingly suggests a change in the income/efficiency relationship in 1991 towards 
one where increasing income correlates with increasing efficiency the opposite of the 
trend over the whole time period 1970 to 2011.  The step change is statistically more 
significant than the income relationship change.  
The regression results for 2002 show a step change increase in efficiency where the 
regression coefficient is positive.  The regression coefficient for the statistically 
significant change in income relationship dummy variables is negative, suggesting a 
return to the long-run relationship between income and efficiency where increased 
household disposable income corresponds with decreased efficiency, or vice versa.  
In 2002, the dummy variables for a change in the relationship with gas price is just 
outside the 5% significance range with a p-value of 0.06.  The regression coefficient 
is positive suggesting the elasticity of the price/efficiency relationship has changed. 
The structural break results support the notion that household disposable income 
and input-orientated efficiency are linked but the changing direction in the 
income/efficiency relationship in 1991 and 2002 is hard to understand in the context 
of the regression results for the whole period.  It is worth returning to the description 
of the multiple energy services performance measures as volatile and complex from 
section 2 as the results suggest that the relationship between efficiency and income 
could be changing fairly rapidly, and from year to year.  Though 1991 and 2002 
showed the most significant structural breaks, the likelihood ratio tests rejected the 
null hypothesis (that the two samples with and without the dummy variable can be 
pooled: see Chapter 7) most years between 1986 and 2002.  This suggests that the 
regression equation and the relationship with income and possibly price are not very 
stable.   
The efficiency trends for the multiple energy service input-orientated performance 
measure shows higher relative efficiency in the earlier and later periods of the 
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analysis where the rate at which income is increasing is lowest (or is even 
decreasing).  The regression results suggest that householders’ are more motivated 
to reduce energy consumption and emissions for a set level of energy service at 
times of slower economic growth.  In comparison, output orientated efficiency from 
the mid-80s onwards follows the real household disposable income trend with the 
biggest increase in efficiency in the late 80s and 90s when income increased at the 
fastest rate.  The regression results suggest that this is the case and householders 
are more motivated to increase service/comfort for a set level of energy use and 
emissions when the economy is growing faster.   
Studies of UK residential sector energy use and emissions, including the UK 
Housing Energy Fact File, identify that energy service demand has increased rapidly 
over the last 40 years due to population growth, changes to how the majority of 
homes are heated and a large increase in the number and types of electrical 
appliances in homes.  Despite these changes, UK domestic energy consumption has 
not increased to the same extent and this is generally thought to be because of 
efficiency improvements to both homes and the appliances and systems within.  The 
investment in efficiency improvements and new and replacement technologies has 
been facilitated by the increase in disposable income so the two factors, income and 
technology uptake, go hand in hand.   
The increase in output-orientated efficiency in-line with household disposable income 
suggests that as householders have become more motivated to increase 
service/comfort levels they have invested in more efficient technologies which has 
reduced the extent to which energy consumption and emission levels have increased.  
At the same time, the relative reduction in input-orientated efficiency suggests 
householders become more wasteful when their disposable income increases.  The 
relatively small overall increase in domestic sector energy consumption between 
1970 and 2011 compared to increased energy service demand represents the 
balance between these two behaviour.  Overall it appears that uptake of technical 
efficiency improvements has largely counteracted any subsequent increases in 
energy consumption and emissions due to wastefulness.  Issue may arise in the 
future if technological improvements do not keep up with energy service demand 
increases or if householders are not motivated to spend their disposable income on 
efficiency improvements.  These potential issues are discussed further in conjunction 
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with the regression results for technical variables but there are implications for the 
effectiveness of policy which need to be explored further.   
8.3.4 Economic growth effects: tenure and number of occupants  
Of the studies examined in the meta-review, those which considered the impact of 
demographic factors were largely bottom-up econometric (e.g. Jamasb and Meier, 
2010 and Kelly, 2011) or building stock models (e.g. Firth et al., 2010 and Cheng 
and Steemers, 2011), providing useful information on the impact on household 
energy consumption, expenditure and carbon emissions Two technical 
decomposition analysis studies by the Building Research Establishment (BRE) 
(Shorrock, 2000 and Shorrock, 2003) examined the historical contribution of 
household growth (number of households) to increasing carbon emissions between 
1990 and 2000, and 1970 and 2001.  Because there is a lack of top-down studies 
which include socio-economic variables other than income, and because the UK 
Housing Energy Fact File identifies tenure and household size (number of occupants) 
as influences, a decision was made to include these variables in regressions.   
Population growth was included at the Data Envelopment Analysis stage as an 
additional output in input and output-orientated multiple energy service DEA models 
of the sector.  Two output-orientated performance measures, with and without the 
population variable were generated (see Figure 7.2).  Variables for household size 
(average number of occupants) and proportion of owner occupied, privately rented 
and local authority homes were included in the second stage regression analysis.  
Overall, demographic factors appeared to be more significant indictors of output-
orientated efficiency than input-orientated efficiency, particularly when considering 
the multiple energy service DEA results.   
The results of the multiple egression showed that proportion of owner occupied 
households and proportion of privately rented households were statistically 
significant variables in ‘best-fit’ regression models for output-orientated performance 
measures 1 and 2 (p-values of 0.02 and 0.02 for performance measure 1 and 0.02 
and 0.01 for performance measure 2).  All regression coefficients are negative.  
Household size was also significant in the model for performance measure 2 (p = 
0.01) and β is positive.   
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The regression coefficients for proportion of owner occupied households and 
household size are unexpected because they show the opposite relationship to that 
seen in simple linear regressions (Table 7.6).  Number of owner occupied 
households is strongly and positively correlated with household income so the same 
relationship is expected, where an increased proportion correlates with increased 
output-orientated efficiency.  Decreasing average household size is expected to 
correlate with increasing output orientated efficiency.  The sign switch on some 
coefficients is possibly due to multicollinearity and interactions between explanatory 
and dependent variables.  Household size is also strongly correlated with income.  
Figure 8.4  shows how the proportion of each household type by tenure has changed 
between 1970 and 2011.   
This interaction between variables makes interpretation of the regression results 
more challenging.  The results for proportion of privately rented households indicate 
that increased or increasing output-orientated efficiency corresponds with decreased 
proportions of rented homes suggesting householders in these homes are less 
motivated to increase comfort/service levels.  As the proportion of owner occupied 
households has increased when numbers of other tenure types have decreased, we 
would expect to see the opposite relationship: increased efficiency as the proportion 
of home-owners has risen.  This would then suggest that home owners, in 
comparison with renters, are more motivated to increase comfort/service levels for a 
set level of energy consumption and emissions.   
In multiple regressions of input and output orientated single energy service (space 
heating) performance measures ‘best-fit’ models could not be identified for the 
output-orientated measure and therefore tenure variables were not included in the 
‘key variables’ model.  For the input orientated regression the ‘best-fit’ model 
includes proportion of owner occupied households and the p-value of less than 0.000 
shows the variable to be statistically significant.  The income variable is not included 
in the regression model and hence there appear to be no issues with 
interactions/multicollinearity.  In this case the regression coefficient is negative, 
suggesting home-owners are less motivated to act to reduce energy consumption 
and emissions for a set level of energy service/comfort.  As home-ownership is 
strongly correlated with income this result fits in with the discussion of efficiency and 
economic growth in the previous section.  Increasing disposable income, and 
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perhaps homeownership, motivates householders to improve efficiency by investing 
in technical efficiency improvements but they are also more wasteful in their energy 
use.  In comparison, renters are motivated to not be wasteful and reduce energy use 
and emissions.   
 
Figure 8.4: Proportion of UK households by tenure type6. 
The different relationships with input and output-orientated efficiency of different 
tenure types is discussed in more detail in section 4 in terms of the impact of home-
ownership on the type of improvements which are invested in by householders.  In 
terms of policy, the different motivations of householders to either increase service 
levels or reduce energy consumption and emissions levels more efficiently, 
depending on tenure, is something which should be considered.  Policies should 
ideally be aimed at households where there is the greates opportunity to maximise 
both behaviours.   
8.3.5 Economic and socio-economic influences, and policy implications 
The main points in relation to the impact of price, household disposable income and 
other demographic factors on energy efficiency can be summarised as follows: 
                                            
6 Data for Figure 8.4 is taken from Table 4e of the UK Housing Energy Fact File Data Tables (DECC, 
2014c). 
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• Economic and socio-economic variables account for approximately 40-50% of 
the variation in input and output-orientated, multiple energy service 
performance measures  
• Price increases correlate with increases in input and output-orientated 
efficiency behaviours 
• Household disposable income increases correlate with decreases in input 
orientated efficiency and increases in output-orientated efficiency. 
• Interactions between price, income and behaviour should be considered in 
terms of the potential for rebound effects and the implications for policy.   
• There is a relationship between economic growth, uptake of technical 
improvements and wasteful energy use. 
• Household size and tenure variables have an impact on behaviour.  Further 
work could clarify this relationship. 
At this point it is worth considering that less efficient periods in both measures of 
efficiency are only less efficient relative to other years in the sample for each 
measure.  When output orientated efficiency is high and input orientated efficiency is 
low this does not automatically mean householders are more concerned about 
increasing service/comfort levels than reducing energy consumption and emissions 
levels.  Just that they are more or less motivated to act in either way than in other 
periods between 1970 and 2011.   
The overall impact of increasing or decreasing efficiency in both behaviours depends 
on whether sector energy demand and carbon emissions increase or decrease.  An 
issue arises if increasing service/comfort levels outstrip technical efficiency 
developments resulting in overall increases in energy consumption and emissions.  
Output-orientated efficiency could be constantly improving relative to other years but 
overall energy demand could still increase overall.  The regression results suggest 
this could be more of an issue in periods where economic growth means 
householders are less motivated to act to reduce energy use and emissions and not 
be wasteful.  There is a strong argument for considering both types of performance 
measure when exploring policy implications to ensure the twin objectives of meeting 
environmental targets and raising living standards are more likely to be met.   
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Economic growth rates have varied over time between 1970 and 2011.  The long 
term view of the whole period suggests that technical efficiency improvements have 
counteracted energy consumption and emission increases due to energy service 
demand increases because energy consumption has increased relatively less than 
service levels over the period.  In the short term, efficiency trends suggest this has 
not always been the case and that increases in household disposable income and 
proportion of owner-occupied households may have contributed to partial rebound 
and possibly ‘back-fire’ in the period between the mid-80s and the early 2000s.   
In terms of the research hypotheses, the results discussed so far in this chapter 
support the proposal that fuel price, income and tenure influence the efficiency of 
energy service demand in the sector.  In terms of policy, the implications for price are 
that low energy prices correlate with low input and output-orientated efficiency.  
Therefore, policies which lower the energy price without taking full account of the 
possible consequences should perhaps be avoided.  This is particularly true in 
relation to income effects, when increasing income may motivate householders to be 
more wasteful.  Price increases are an incentive to act to reduce energy 
consumption and emissions.  The impact of increasing home-ownership may also 
compound energy service level increases so there needs to be incentives for 
households to invest in technical efficiency improvements and to be less wasteful.  
Finally, this section has identified that there are interactions between variables which 
influence the level of energy service demanded and technical variables categorised 
as influencing the level of energy use and related emissions required for a set level 
of service.  The following section will explore these interactions in more detail, as 
well as the influence of structural change before considering the evidence for policy 
impacts and policy implication in the final section of the chapter.   
8.4 Developing technologies, structural change and energy efficiency 
8.4.1 Overview: variables affecting the level of energy demand and related 
emissions 
Section 8.2 of this chapter highlighted that the efficiency trends generated by the 
DEA procedure do not, on visual examination, appear to mirror an incremental 
improvement in technical efficiency in the UK building stock which might be thought 
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to have occurred between 1970 and 2011.  Reference to the policy review and 
timeline of policy and events identified that there have been grants to encourage 
uptake of insulation measures since the 1970s and boiler replacements since the 
mid-90s.  In addition, the UK building regulations have set improved standards for 
thermal insulation of households at regular intervals since the 1970s.   
A small number of studies by the Building Research Establishment (BRE) quantified 
the historical impacts of technical efficiency improvements on UK residential sector 
energy consumption and carbon emissions.  The outputs of these studies were 
reported in the meta-review in Chapter 2.  In terms of measuring the impact of 
improving building envelope thermal insulation and heating system efficiency on the 
technical performance of the building stock, Shorrock (2003) uses decomposition 
analysis to quantify contributions to domestic sector carbon emissions from 1970 to 
2001.  The study shows that the contribution of insulation improvements to emission 
reductions was bigger in absolute terms (million tonnes of carbon) in the 1970s, than 
in the 1980s and 1990s.  In comparison the absolute contribution of improved 
heating system efficiency to emission reductions increased over the period.  These 
results support the contention that the technical efficiency of the building stock has 
been improving throughout the period 1970 to 2001.   
Results up to 2011 are not available so it is not possible to see the absolute 
contribution of these measures relative to earlier decades, but the UK Housing 
Energy Fact File Data Tables (DECC, 2014c) provide information on uptake rates of 
insulations and boiler replacements which suggests the number of homes with these 
measures has continued to increase at a steady rate.  In addition the Data Tables 
identify the number of measures installed in relation to schemes such as Energy 
Efficiency Commitments 1 and 2 and CERT in between 2001 and 2011.  This data 
suggests that the building stock has shown continual improvement over the period of 
the analysis but this does not fit with the erratic and decreasing efficiency trend 
between 1970 and 2002 for the input-orientated performance measure.  It also does 
not seem fully explain the output-orientated performance measure which is volatile 
up to the mid-eighties even though technical improvements have occurred 
throughout the period of the analysis.   
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The regression results for those variables, technical and structural, which are 
considered to influence the level of energy consumption and related emissions 
required to achieve a set level of energy service were presented in Chapter 7, 
section 4.  Regression models for multiple energy service DEA performance 
measures accounted for between 40 and 48% of the variation in output-orientated 
efficiency and 57% of input-orientated efficiency.  Similarly to the economic/socio-
economic regressions, some results were initially surprising, particularly those which 
showed a negative relationship between increase uptake of insulation and new 
boilers, and input-orientated efficiency.  For the multiple energy service input-
orientated model the regression coefficients were negative for proportion of 
households with cavity wall insulation and insulated hot-water tanks.  As was 
discussed, there were indications that multicollinearity and interactions between 
explanatory variables and the dependent variables were interfering with the 
regression model.  For some variables such as SAP rating and number of combi 
boilers the regression coefficients were positive when in simple linear regressions 
they were negative.  This makes comparison of the relative impact of different 
technical variables difficult and therefore discussion will largely focus on general 
trends.   
For the multiple energy service output-orientated performance measure, regression 
coefficients for SAP rating, number of combi boilers, number of houses with loft 
insulation and number of energy saving light bulbs are positive suggesting these 
technical improvements have motivated householders to act to increase their 
service/comfort levels.  Number of combi boilers is statistically the most significant 
variable.  For the central heating variable the regression coefficient is negative and 
as with the input-orientated results it is proposed that this is the result of interactions 
and multicollinearity between variables, as has been previously discussed in 
relations to socio-economic variables.  In simple linear regressions with all variables 
the regression coefficient was positive.   
The only structural variable considered in the regression was the emissions factor of 
the electricity supply which, again, showed an unexpected relationship with input 
orientated efficiency, where increases in the carbon intensity of electricity correlate 
with increases in efficiency.  This is counterintuitive but is perhaps more indicative of 
structural change in the sector.  The emissions factor has fallen between 1970 and 
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2011 as gas, nuclear and, in more recent years, renewables have replaced the more 
carbon intensive solid fuels in the electricity supply fuel mix.  The changing fuel mix 
of the electricity supply is unlikely to have influenced behaviour at the household 
level though it will have influenced the CO2 emissions input in the Data Envelopment 
Analysis and other factors such as the price of energy.  The emissions factor 
variable is probably a good proxy measure of some of the significant changes that 
have occurred in the sector, discussed earlier in this chapter.  Therefore the 
regression results can offer insight in to the impact of these changes.    
8.4.2 Technical change: efficiency improvement versus home improvement 
The regression results related to price, income and tenure have highlighted that 
increasing household income correlates with efficiency decreases in terms of how 
householders have acted to reduce energy use and emissions to achieve a set level 
of energy service between 1970 and 2011.  In the shorter term, structural break tests 
suggest that the relationship between income and input-orientated multiple energy 
service efficiency is volatile and, between 1986 and 2002, has changed frequently.  
In comparison, in terms of how householders act to increase service/comfort levels 
for a set level of energy consumption and related emissions, economic growth 
seems to be a consistent motivator of improved behaviour.   
The average SAP rating of UK households between 1970 and 2011 has risen from 
17.6 to 56.7 which indicates the condition of the building stock in terms of technical 
energy efficiency has improved significantly.  As discussed, this is due to a variety of 
measures.  The UK building regulations have insured that new homes, and more 
recently retrofitted homes, are built to higher and higher standards and that 
replacement boilers are more efficient.  Grants and numerous energy efficiency 
schemes, have increased take-up of cavity wall and loft insulation.  Energy labelling 
and standards have improved the efficiency of electrical appliances.   
The regression results for variables which influence the level of energy service 
demand suggest that different economic and socio-economic factors have influenced 
how householders adapt to technical efficiency improvements to their homes. 
Discussion in this chapter has identified that increasing household disposable 
income and uptake of technical efficiency improvements are related.  This would 
seem to account for the seemingly counterintuitive regression results for technical 
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variables where increased uptake correlates with decreased input-orientated 
efficiency.  The results for output-orientated performance measures are more 
expected and show uptake of improvements correlating with improved efficiency.   
A question posed in the previous section asked whether householders were 
motivated to invest in insulation, new boilers and appliances to improve efficiency or 
whether improved efficiency was just a by-product of home improvements, appliance 
replacement and technological development.  The UK Housing Energy Fact File 
(Palmer and Cooper, 2014) addresses this question in reference to tenure and 
identifies that, historically, investment by home-owners in energy-efficiency 
improvements such as wall insulation and efficient boilers has come second to home 
improvements such as a better kitchen or bathroom.  Local authority and ‘Registered 
Social Landlord’ homes have been more likely to have efficiency improvements.  
Privately rented homes on the other hand, are more likely to be poorly insulated 
because landlords do not benefit from lower bills and increased energy 
service/comfort.   
Section 8.3.4 showed how the proportion of owner-occupied homes increased while 
the proportion of other tenure groups decreased, particularly in the 1980s and early 
2000s.  The regression results have already identified that changing tenure 
proportions have had an influence on energy efficiency.  Lower proportions of 
privately rented homes corresponds with higher output-orientated efficiency (multiple 
energy service model) and lower proportions of owner-occupied households 
corresponds with higher input orientated efficiency (single energy service model).  As 
home-ownership levels, and disposable income, have risen, service levels have 
increased as householders have made changes to their homes.  Output-orientated 
efficiency increases over a 20 year period from the mid-eighties onwards and this 
suggests that there has been a big time-lag between increasing home-ownership 
and improvements, and relatively higher energy efficiency.  This is supported by the 
input-orientated results which don’t start to improve till the 2000s.    
Examination of the DEA performance measures and regression results seems to 
support the statements from the UK Housing Energy Fact File about the home 
improvement priorities of home-owners.  Discussion of the status and role of energy 
and climate change policy has identified that the early 2000s saw the focus of policy 
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change to energy and emission reduction targets and issues surrounding 
affordability and inequality.  It is possibly that only when environmental issues and 
energy efficiency become a higher priority has output-orientated efficiency been able 
to reach a period of relative stability and high efficiency, and input-orientated 
efficiency show sign of improvement in terms of reducing energy consumption and 
emissions behaviour.   
Numerous studies reviewed in the literature survey and meta-review, particularly 
bottom-up econometric studies, aim to better understand the influence of wide range 
of factors such as income and house type on household energy use and expenditure.  
Though income and home-ownership appear to have influenced how householders 
have adapted to improvements or how they have been motivated to invest in their 
homes, there is a range of factors and events which have had an influence, as has 
been highlighted throughout this chapter and thesis.  For instance, Summerfield et al. 
(2010) identify that the price effect described by a model of domestic delivered 
energy variation (ADEPT) may hide the impact of price increases motivating 
householders to invest in more efficient technologies.  Energy prices have risen from 
2002-2003 onwards so this may have motivated householders to make efficiency 
improvements rather than just home improvements.  In addition, cold winters may 
have influenced householders to invest in better insulation to lower bills and improve 
comfort levels in the following year.   
This section has identified that although technical factors undoubtedly influence the 
efficiency of energy service demand in the UK residential sector, interaction with 
other factors means householders’ motivation to improve efficiency between 1970 
and 2011 has varied.  This should be considered in policy design in terms of where 
to direct efficiency improvements in the UK housing sector.  The following section will 
focus on the second category of factor which influences the levels of energy use and 
emissions required for a set level of energy service: structural factors.  In particular, it 
will consider how changes to the energy supply sector may have supported or 
worked against energy efficiency improvements in the sector, without having a direct 
effect on householder behaviour.   
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8.4.3 Structural change effects: energy supply and housing sectors  
The final category of influencing factor considered in this section is structural and 
refers to broad changes to the energy supply sector and UK housing sector.  In the 
meta-review only two studies produced quantitative outputs for structural factors, in 
this case related to energy supply industry changes and other carbon factor changes.  
These studies from the Building Research establishment (BRE) identified that 
‘energy supply industry’ changes made a significant contribution in the 1990s to 
carbon emission reductions.  ‘Other carbon factor’ changes made a significant 
contribution to reductions in the 1970s (Shorrock, 2003).  In the 1990s, a move away 
from coal and switch to gas for electricity generation resulted in a reduction in the 
carbon intensity of energy supply and in the 1970s, households were increasingly 
heated with gas central heating rather than coal and oil, which also contributed to 
emission reductions.  The studies from BRE indicate that structural changes in the 
energy supply and residential sector have an influence on carbon emission due to 
carbon intensity changes and changes in how energy is used in homes.  
In the second stage, post efficiency regression analysis, the emissions factor of 
electricity supply was included as an explanatory variable.  Only results for the input-
orientated multiple energy services performance measure were significant with 
respect to emissions factor, and suggested, surprisingly, that a decrease in carbon 
intensity correlated with a decrease in efficiency.  This is only with respect to how 
motivated householders are to reduce their energy consumption and emissions for a 
set level of energy services and, as identified, it is unlikely householders behaviour 
was directly influenced by changes in the fuel mix for electricity generation. It is 
possible that householders have been influenced by subsequent changes in other 
factors.  For instance, the ‘dash for gas’, the liberalisation of UK energy markets and 
improved energy security due to the availability of North Sea oil and gas contributed 
to a period of very low energy prices up to their lowest level in the early 2000s.  Gas 
price correlated positively with input and output-orientated efficiency, with higher 
prices correlated with higher efficiency.  
It is also possible that the regression results for emissions factor are indicative of the 
influence of broad sweeping changes in the country.  The policy review highlighted 
that the election of the Conservative government in 1979 heralded the start of a 
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period of privatisation of energy industries in the 1980s.  The change of government 
will have also influenced home-ownerships rates and economic growth rates.  The 
1980 Housing Act, for instance, introduced legislation to implement the ‘Right to Buy’ 
for council tenants which contributed to an increase in the number of owner-occupied 
houses in the 1980s, previously discussed in this chapter.   
The structural break tests for the input-orientated performance measure reported in 
indicated that between 1986 and 2002 the behaviour of the sector was volatile and 
constantly changing.  In 1991 and 2002 there is the greatest evidence for structural 
breaks and in both years there is a step-change (intercept change) in input-
orientated efficiency with a decrease in 1991 and an increase in 2002.  With 
reference to the policy timeline, 1991 saw the sale of regional electricity companies, 
the 1st Gulf War and the revision of the UK Building regulations.   
In 2002 there was a further revision of the Building regulations and the start of 
Energy Efficiency Commitment 1.  Perhaps more significant, is that following the 
Kyoto agreement of 1997 and the Intergovernmental Panel on Climate Change 
(IPCC) Special Report on Emission Scenarios, climate change and environmental 
issues moved up the policy agenda.  This was the case in Europe, and, following the 
second election win by the Labour Party in 2001, in the UK.   
In structural break tests for the output orientated performance measure, the null 
hypothesis was only rejected in two years: 1986 and 1988 where the p-value on the 
test statistic was 0.04 and 0.03 respectively.  None of the variables in either 
regression model were statistically significant, possibly due to multicollinearity 
between variables, so it is not possible to state whether there was a step increase or 
decrease in efficiency.  In reference to the policy review timeline, 1986 saw the Gas 
Act and the privatisation of British Gas, and in 1988 a White Paper on Privatising 
Electricity was released.  Looking at the wider period, in 1983 the Conservative 
government under Margaret Thatcher won a second general election followed by a 
third in 1987.  The Building Act of 1984 led the way for the introduction of Part L 
(Conservation of Fuel and Power) of the Building Regulations in 1985.  In 1984 and 
1985 strikes by the National Union of Minors   
An initial interpretation would be that the period from 1986 to 1991, marking the 
beginning of the liberalisation of the UK energy markets and a reduced role for the 
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state in energy planning led to a step change in output orientated efficiency and to 
decreasing input-orientated energy efficiency.  In comparison, in 2002 a new policy 
focus on climate change and the environment led to input-orientated energy 
efficiency improving.  This is likely to be an over-simplification.  The thesis has 
highlighted that firstly, the energy efficiency of multiple energy service demand is 
complex and volatile, and secondly that there are interactions between influencing 
factors.  For example, though the 2000s saw a new focus on climate change issues 
it also saw the decline of North Sea Oil and Gas following peak production in 1999 
This will have has an impact on energy prices and there is a weak relationship 
(where p equals 0.06) with a change in the relationship with gas price in the 
structural break regression model for 2002, as well as the previously discussed 
changing relationship with income.   
Periods of structural change to the energy supply sector, and the changing role and 
focus of energy policy, are linked to wider economic and technological changes 
which have influenced how energy is used in homes.  The 80s saw the start of the 
liberalisation of the energy markets under the Conservative government but it also 
saw a number of cuts in income tax over the period.  Both of these policy changes 
were driven by the ideologies of the government at the time who believed both in 
minimising the role of the state in energy planning and indirectly rather than directly 
taxing the countries inhabitants.   
The impacts of structural change go beyond the influence on the carbon intensity of 
the fuel mix in the energy supply sector and the switch to gas central heating from 
coal fires in the residential sector.  Though the influence of structural factors may be 
tangential rather than direct, and is linked to other changes, the consequences of 
changes to the energy supply sector should be considered in policy design.  Possible 
impacts on, for instance, the energy price or interactions with economic growth 
should be thought through in order to understand the potential impacts on behaviour 
in the UK housing sector.   
8.4.4 Technical and structural influences, and policy implications 
The main themes related to technical and structural influences explored in this 
section can be summarised as follows: 
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• Technical and structural variables account for between 40 and 48% of output 
orientated efficiency and 57% of input orientated efficiency.   
• Increased uptake of efficiency measures correlates with decreases in input 
orientated efficiency and increases in output-orientated efficiency behaviours 
• Decreases in the emissions factor of electricity correlate with increases in 
input orientated efficiency. 
• Interactions between price, income and uptake of technical efficiency 
improvements should be considered in terms of the implications for policy.   
• Whether householders are motivated to invest in home improvements or 
efficiency improvements should be considered when determining the focus of 
efficiency improvement schemes.  
• Structural change has an impact, if tangential, on energy efficiency and this 
should be considered in policy design.   
• A new focus on climate change, the environment and inequality in energy 
policy in the 2000s correlates with improving input and output-orientated 
efficiency.   
This section has highlighted the extent to which economic and socio-economic 
factors interact with structural change and uptake of technical efficiency 
improvements to influence input-and output-orientated efficiency.  It has been difficult 
to determine the relative influence of different measures due to issues with 
multicollinearity and interactions between variables but some general assumptions 
can be made. For the output-orientated performance measures, number of combi 
boilers has the strongest correlation with the efficiency measures suggesting 
ongoing support for new and replacement boilers is a suitable aim of home efficiency 
schemes.  In addition, loft insulation, insulated hot water tanks and energy saving 
light bulbs are significant indicators of improving efficiency for both output-orientated 
performance measures but not across all regression models examined.   
Uptake of efficiency improvements is correlated with economic growth and increased 
service demand and therefore results for the input-orientated multiple energy service 
measure provide few insights in to the ‘best’ efficiency improvements to invest in.  It 
is perhaps more useful to examine both input and output-orientated performance 
measures together, in conjunction with the results for structural change factors to 
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consider what they tell us about the impact of ongoing technical change and the 
implications for policy.  Output-orientated efficiency has been gradually increasing 
since the mid-80s and is at its highest and most stable in the latter period of the 
analysis.  At the same time input orientated efficiency has been decreasing and 
erratic but structural break tests suggest in 2002 there is step change increase when 
input-orientated efficiency, though still erratic, begins to improve.   
The results suggest a turning point in the early 2000s following a period of rebound 
when technical efficiency improvements did not keep up with energy service demand 
increases and householders were not motivated to be conscious of their energy 
consumption.  Output orientated efficiency has been improving since, suggesting 
that technical efficiency improvements have gradually caught up with the increased 
demand.  The improving input-orientated efficiency suggests a point has been 
reached where incentives to reduce energy consumption are also beginning to be 
effective. 
This chapter has highlighted that there are many potential influences of this changing 
behaviour.  The improvement or stabilisation of input or output orientated-efficiency 
in the 2000s could be due to increases in energy prices, a slow-down of economic 
growth and hence an increase in energy costs as a proportion of disposable income.  
Or the behavioural change could be due to an upturn in the number of people renting 
rather than owning who are perhaps more motivated to reduce energy use.  At the 
same time the role of energy policy has changed due to growing international 
concern about climate change and reducing greenhouse gas emissions.  In the UK, 
2002 is the start of a period leading up to the 2008 Climate Change Act where 
improving the condition of the UK building stock to make it more efficient is of 
increasing importance.  Structural change and increased uptake of technical 
efficiency improvements rather than just home improvements are interlinked in the 
2000s due to the growing awareness of the need to reduce emissions and the 
increased incentives for householders to contribute to this aim.   
For technical factors, the main implication for policy of the input and output 
orientated efficiency trends is that householders need to be sufficiently motivated to 
invest in efficiency improvements as a means to reduce energy consumption and 
emissions.  If this is not the case, and if disposable income is rising while energy 
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prices are falling, then energy service levels may increase faster than technologies 
develop, leading to rebound effects in the sector.  Without incentives to make 
efficiency improvements, home-owners are more likely to invest in home 
improvements which can lead to increasing consumption, not counteracted by 
technical efficiency improvements.  Thought should also be given to how to 
incentivise buy-to-let home-owners to improve the condition of rented properties: 
regression results suggest renters may be more motivated to reduce energy 
consumption and emissions than home-owners.   
Finally, in terms of structural factors, the knock-on effects of energy policy and 
structural changes to the UK’s energy supply industry in terms of price changes and 
interactions with economic growth and uptake of efficiency measures, should be 
consider in policy design.  In fact, general guidance arising from examination of 
efficiency trends and regression results in this chapter is that policy needs to 
consider the interactions between all categories of variable if it is to be effective.   
8.5 Energy efficiency and policy implications: 
8.5.1 Summary 
The focus of this chapter has been on examining the results of the two stage 
analysis in terms of what they say about energy efficiency in the UK residential 
sector, how they compare with findings from previous studies and how they fit within 
the context of the policy review and timeline presented in Chapter 3.  The DEA 
approach has produced measures of efficiency which are detailed, comprehensive 
non-parametric descriptions of the behaviour of the sector between 1970 and 2011.  
In comparison with econometric efficiency definitions with a single aggregate output, 
the DEA measures make the least restrictive assumptions about the relationship 
between inputs and outputs, and allows other factors such as temperature to have 
an impact.  The efficiency trends are surprising because they suggest the energy 
efficiency of the sector has not incrementally improved in line with technical 
efficiency improvements and that other factors influence how householders respond 
to technical change.  This has resulted in periods of volatility, particularly in relation 
to input orientated efficiency.   
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Input and output-orientated performance measures describe two different behaviours: 
how the sector acts to reduce energy consumption and emissions for a set level of 
energy services and how the sector acts to increase service/comfort levels for a set 
level of energy consumption and related emissions.  The results of the two stage 
analysis discussed in this chapter suggest that between 1970 and 2011 different 
factors such as economic growth, variations in the price of energy, smaller 
households and changing proportions of different household tenures have influenced 
energy efficiency.  The relative influence of factors is different for input and output-
orientated efficiency measures highlighting that perhaps householders are motivated 
to either increase service levels or reduce consumption for different reasons.   
The results suggest that in times when the economy has grown faster, householders 
have been more motivated to increase service levels while at the same time less 
motivated to be careful and reduce waste.  A problem arises if service levels 
increase at a faster rate than technologies become more efficient, and if 
householders are motivated to increase their standard of living but not to be 
concerned about reducing consumption.  The efficiency trends suggest that from the 
mid-80s to the early 2000s energy service levels began to increase and comfort 
levels were being met by more and more energy use resulting in rebound.  The level 
of energy service householders could achieve increased due to changes in energy 
end-uses in homes such as switching to central heating allowed the whole house to 
be heated and electrical appliance use rose significantly.   
The regression results suggest rising income and home-ownership, as well as falling 
prices, may have compounded the effects of increasing service levels in the 80s and 
90s by motivating householders to act to increase service levels but not to be less 
wasteful.  In terms of uptake of technical efficiency improvements, the UK Housing 
Energy Fact File suggests home-owners are more likely to invest in home 
improvements such as a new kitchen.  Particularly in times when the economy is 
growing quickly, incentives are needed to make home-owners invest in efficiency 
improvements instead of or as well as home improvements.   
The role of policy led technical efficiency improvements is discussed in more detail in 
section 8.5.2.  Increasing uptake correlates positively with increasing service/comfort 
level behaviour but negatively with reducing energy consumption and emissions 
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behaviour between 1970 and 2011.  The results suggest that this is because 
householders have been insufficiently motivated to be less wasteful at particular 
times so uptake of new boilers and insulation has not counteracted increases in 
energy consumption as service levels have risen. This appears to be the case in the 
1980s and 1990s.  Prior to this period, householders appear to have been relatively 
motivated to not be wasteful, perhaps because comfort level expectations were 
lower or because living standards lower.  In the later period of the analysis, though 
behaviour is erratic, there is evidence of an upturn in structural break tests.  This 
could be due to economic and socio-economic changes, but also could be influenced 
by the increasing focus of UK energy policy on environmental issues.   
Examining the effects of structural change, highlights the significance of interactions 
between different variables: energy prices, economic growth, household 
demographics and technological development.  The efficiency trends generated by 
the DEA approach reflect that the UK has changed significantly over the last 40 
years, in terms of the economy, the role of government in energy planning and how 
energy is used in homes.  To be effective policy should recognise that reducing 
energy consumption and emissions in the UK residential sector is reliant on more 
than technological development.  The interactions between different variables need 
to be considered and policy schemes directed at householders so that they are 
incentivised to reduce consumption, even if they are able to increase their comfort 
levels as well.   
8.5.2 Potential challenges to the effectiveness of policy and regulation 
The influences of different factors on ‘reducing energy consumption and emissions’ 
behaviour and ‘increasing energy service/comfort’ behaviour presents a number of 
challenges to designing policy for the UK residential sector.   
Rebound effects: The biggest challenge to effective policy is how to minimise or 
avoid rebound effects.  The last 40 years have seen significant changes in how 
energy is used in homes, particularly for space heating and electrical appliances, 
which have resulted in service levels increases and increased consumption.  Policy 
needs to incentivise households to invest in efficiency improvements and be less 
wasteful, otherwise the combination of technological developments and population 
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growth could result in net energy and emission gains, rather than the reductions 
needed.   
Economic growth: A challenge to policy is how to incentivise energy consumption 
and emission reduction without asking householders to reduce their standard of 
living.  Increasing disposable income encourages householders to increase service 
levels and compounds rebound effects.  In addition to countermeasures which 
incentivise ‘reducing energy and emissions’ behaviour, policies should be aimed at 
householders who benefit the most from technical improvements in terms of the 
relative increase in service/comfort levels.    
Price and fuel poverty: Higher prices motivate householders to increase service 
levels more efficiently and to reduce energy consumption and emissions but 
governments will not support policies which encourage higher prices.  In addition 
higher prices are detrimental to low income households in poor quality housing.  Low 
prices should not be the aim of energy policy but support should be available for 
householders in fuel poverty. 
Impacts of tenure: Tenure influences whether homes are motivated to reduce energy 
consumption and emissions, and whether they increase service levels.  Historically, 
home-owners have been more likely to invest in home improvements rather than 
efficiency improvements.  Privately rented houses are more likely to be poorly 
insulated.  Policy should incentivise home-owners, whether owner-occupiers or buy-
to let, to invest in building efficiency improvements. 
Structural change: Changes to the structure of the energy supply industry have an 
influence, even if indirect, on energy efficiency in the UK residential sector.  The 
impact on and interactions with the economy and other variables should be 
considered before making decisions regarding the energy supply and the fuel mix to 
ensure there are no unintended consequences which encourage (or don’t 
discourage) householders to be more wasteful.   
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Chapter 9: Conclusions & policy recommendations 
9.1 Research findings 
9.1.1 Main findings 
This thesis has applied the Data Envelopment Analysis method in an innovative way 
to measure the efficiency of the UK residential sector in terms of how it has used 
energy and CO2 emission inputs to produce energy service outputs between 1970 
and 2011. In the procedure two different measures of behaviour were generated in 
recognition that policy related to the UK residential sector aims to reduce energy use 
and emissions but without having a detrimental effect on living standards or comfort 
levels, and so both behaviours should be considered: 
1) How householders have acted to reduce energy consumption and related 
emissions (input-orientated performance measures).   
2) How householders have acted to increase service/comfort levels (output-
orientated performance measures).   
The energy efficiency trends, particularly those describing energy consumption and 
emission reduction behaviour, were surprising. Instead of a steadily improving 
efficiency trend over the time period, an initial, relatively efficient period was followed 
by a period of declining efficiency.  In the latter part of the time period analysed 
efficiency begins to improve. 
A post efficiency regression analysis of DEA performance measures identified price, 
income and tenure as factors which have influenced how householders have 
adapted to technical efficiency and structural changes in the UK housing sector.  The 
results of the analysis suggest a relationship between technological developments 
and subsequent falling energy costs, rising incomes and behaviour which may have 
led to energy consumption increases above previous levels, at least in the short term.  
This suggests there is a Rebound Effect in the sector, where efficiency falls following 
the beginning of a period of technological change.  In the long run, the results of the 
two stage analysis suggest householders may adapt to technological change after a 
time and start to reduce energy consumption.   
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The rebound effect in the UK residential sector is described by the diagram in Figure 
9.1.    
 
Figure 9.1: Representation of the rebound effect in the UK residential sector.    
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There are implications for policy arising from the results of the two stage analysis: 
• Policy should consider how to minimise or avoid rebound effects by 
incentivising households to both invest in efficiency improvements and be less 
wasteful.  
• How to incentivise energy consumption and emission reduction behaviour 
without asking householders to reduce their standard of living is a challenging 
objective for policy.   
• Higher energy prices may motivate householders to be less wasteful but low 
income households in fuel poverty are adversely affected by price increases. 
• Policy schemes should incentivise home-owners, whether owner-occupiers or 
buy-to let, to invest in building efficiency improvements. 
• Changes to the structure of the energy supply industry have an influence, 
even if indirect, on energy efficiency in the UK residential sector.   
9.1.2 Research aim, objectives and hypotheses 
This thesis has addressed the research aim and met the objectives set out in the 
introductory chapter:  
Table 9.1: Research aim and objectives – summary of outcomes 
 
Objectives
1) Examine key factors that have influenced UK 
residential sector energy use and related 
emissions.
2) Identify an appropriate approach for modelling 
sector energy use and emissions.
3) Investigate and refine data to support analysis of 
the sector.  
4) Model the variation in energy use and emissions 
and analyse the influence of key factors in relation 
to the changing social, political and economic 
landscape of the sector.  
5) Consider the potential of different intervention 
types on future UK residential sector energy use 
and emissions reductions and make 
recommendations.   
Chapters
2 & 3: By reviewing the literature, comparing studies 
in a meta-analysis and reviewing policy, key factors 
have been examined. 
2, 4 & 6: By comparing studies in the meta-analysis 
and top-down research methods, DEA was identified 
as a suitable & new approach for modelling the 
sector.
5 & 6: By identifying available data sources and 
justifying their use in the DEA procedure, analysis of 
the sector has been supported. 
6, 7 & 8: By applying the DEA method to measure 
energy efficiency in the sector and using regression 
analysis to examine the influence of key factors. 
8 & 9: By examining the influence of policy and 
structural change on efficiency measures in 
regression analysis and identifying potential 
challenges to the effectiveness of policy.   
Aim: To examine how factors have influenced energy use and related 
emissions in the UK residential sector, and the potential implications for 
policy.   
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In addition, the two-stage analysis has provided answers to five research hypotheses: 
Table 9.2: Answers to research hypotheses 
 
9.1.3 Contribution to knowledge 
The two-stage DEA procedure was selected as a method which could model the 
available data and offer new insights in to historical changes in the sector, 
addressing the research problem set out in the introductory chapter.  Firstly, how can 
we quantitatively assess the relationship between different drivers, energy efficiency 
improvements, and energy use and related emissions in the UK residential sector?  
Secondly, how can we assess the changes that have occurred as a result of policy 
and interventions designed to reduce energy use and related emissions in the sector, 
and the relationship with other factors such as price and income?   
The research gap identified in Chapter 2 stated the need to better understand 
‘energy efficiency’ in the UK residential sector to address the research problem: 
Research hypothesis
(Economic ) Variation in the fuel price has had 
an impact on the efficiency of energy service 
demand in the UK residential sector.
(Socio-economic ) Changes to UK household 
income and tenure have had an impact on the 
efficiency of energy service demand in the UK 
residential sector.
(Technical ) Uptake of: (a) more efficient 
boilers; (b) more efficient electrical appliances; 
(c) central heating d) loft and wall insulation has 
had an impact on the efficiency of energy 
service demand in the UK residential sector.  
(Structural ) Changes to the energy supply 
sector have had an impact on the efficiency of 
energy service demand in the UK residential 
sector.  
(Policy) Changes to the building regulations 
and introduction of energy efficiency schemes 
have had an impact on the efficiency of energy 
service demand in the UK residential sector.
An increase in energy efficiency policy correlates 
with improving input and output-orientated efficiency 
but it has not been possible to quantify the effect of 
individual policy measures or regulations.
Results of two-stage analysis
Gas and electricity price increases correlate with 
increased input and output-orientated efficiency 
increases.  Gas price increases are consistently a 
more statistically significant indicator than electricity 
prices. 
Increases in household disposable income and 
proportion of owner-occupied households correlate 
with increased output-orientated efficiency and 
decreased input-orientated efficiency.  Increased 
proportions of privately-rented households correlate 
with an increase in input orientated efficiency and 
decreased output orientated efficiency.
Uptake of more efficient boilers and electrical 
appliances, central heating and insulation correlates 
with increasing output-orientated efficiency.  The 
relationship with input-orientated efficiency suggests 
a Rebound Effect has followed technological uptake. 
Changes to the energy supply sector correlate with 
changes in input-orientated efficiency but the impact 
may have been indirect and due to subsequent 
changes in the price of energy.
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New approaches are needed to measure and understand historical ‘energy efficiency’ 
changes & behaviour in the UK residential sector, in terms of both energy use and 
related emissions, relative to different types of influencing factors and policy 
interventions. 
This thesis has made several contributions to knowledge in the research area to 
address the research gap and problem: 
The meta-review presented in Chapter 2 compared research outputs from studies of 
energy use and emissions in the UK residential sector and aided identification of a 
suitable modelling approach.  Though other studies referred to in this thesis have 
compared estimations of one particular category of influencing factors, for example, 
price elasticities, the meta-review in this thesis compared outputs for different 
categories of influencing factor and from a range of study types.  As a result, the 
meta-review offers a more comprehensive and detailed comparison of outputs in this 
research area than previous reviews and contributes to understanding of how 
different methods often fail to quantify the historical interaction between 
technical/structural factors and economic/socio-economic factors.   
Data Envelopment Analysis was identified as a suitable approach for modelling UK 
residential sector energy use and emissions.  DEA is an established method for 
benchmarking the performance of organisations but its application in this thesis to a 
historical analysis of the UK residential sector is innovative and has provided new 
insights into the complex behaviour of the sector.  The DEA procedure takes the 
unusual approach of examining one organising unit multiple times over a 40 year 
period to provide a measure of changing efficiency.  Because the procedure does 
not require identification of a single aggregate input or output measures the 
efficiency scores describe the performance of the sector in terms of both energy 
consumption and related CO2 emissions.  In addition they include output measures 
for five different energy services and are therefore more technological explicit in 
terms of describing energy use and behaviour than usual measures of energy 
efficiency in the sector. 
The system-orientated DEA approach taken in this thesis generates two different 
measures of behaviour in the residential sector.  The efficiency measures are 
detailed, non-parametric, quantitative measures in comparison with simpler 
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measures of efficiency in previous studies and provide a ‘moving picture’ description 
of energy efficiency which is complex, ever-changing and adapting.  Applying the 
DEA method in this research area has provided new insights into the interaction 
between different influencing factors and how householders have adapted to 
technical efficiency improvements in homes.  It has also included an assessment of 
the historical influence of changes in household tenure, a factor not usually 
considered in historical analyses of energy use and emissions in the sector.    
Finally, as discussed at the start of this chapter, this thesis has identified a Rebound 
Effect, where the start of a period of technological development is followed by a 
decline in efficiency as energy costs fall and income increases. This is an important 
contribution to knowledge.  It highlights the need to consider the short term and long 
term behaviour of householders when assessing the potential for future energy and 
CO2 emissions savings resulting from technological developments, structural change 
and policy schemes which encourage uptake or replacement of technologies.    
9.1.4 Limitations 
One of the issues with performing historical analyses of the UK residential sector is 
the lack of consistent, accurate data sets related to energy use in the sector.  This 
issue was identified early on in the thesis and one of the reasons for selecting the 
Data Envelopment Analysis was that it can handle different input and output 
variables, measured in different units and could potentially offer new insights into 
energy efficiency and how householders have behaved.  It is recognised in this 
thesis that the use of proxy measures for energy service outputs where more 
detailed information in unavailable creates a limitation in the analysis.  Ideally, 
measures of energy service outputs would capture details on, for example, how the 
number of showers or baths, had by householders has changed between 1970 and 
2011, but that kind of detailed information is not available.  As a result, the 
performance measures generated are less of an accurate description then they 
would be if more data was available. 
Another limitation due to the lack of data available is the need to use ‘end-user’ 
energy and emissions data rather than ‘by-source’ data to capture changes in all 
energy services in the sector rather than focussing on space heating only.  As 
discussed ‘end-user’ data has a higher degree of uncertainty because energy use for 
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electrical appliances and lighting and the related CO2 emissions have to be 
reassigned from the energy supply sector to the housing sector. In addition, some of 
the data sets used in the DEA, such as the internal winter temperature data from the 
Housing Energy Fact File have been generated through a modelling process.  This 
introduces a further degree of uncertainty into the DEA performance measures 
presented in this thesis.   
The limitations in terms of the data available mean that the DEA approach taken in 
this thesis is imperfect and as a result the performance measures generated by the 
procedure are also imperfect and volatile.  The benefits of the DEA method, in that it 
provides an unrestricted, non-parametric, complex description of behaviour in the UK 
residential sector are also, in some ways, a limitation.  The volatile nature of the 
efficiency trends has made it difficult to pin-point particular events or policies which 
have influenced behaviour as the results show energy efficiency changing, 
sometimes on a year to year basis.  Ideally the analysis would have provided 
quantified estimates of policy impacts and perhaps further work on applying this 
method to analysis of the sector would make this possible.  Nevertheless, the 
applying the DEA approach has provided new insights into how factors have 
influenced energy use and emissions in the sector and has also allowed for 
identification of potential policy implications and challenges.  Therefore, its selection 
as a suitable modelling approach is justified in this thesis.   
9.1.5 Further work 
There are four potential areas for further work leading on from the analysis 
presented in this thesis: 
The first of these focuses on extending the meta-review in Chapter 2 into a meta-
analysis by identifying a way to compare quantitative measures of effects on energy 
consumption and emissions for different categories of variables: economic, socio-
economic, technical, structural, temperature and policy.  This could build on the DEA 
two-stage analysis approach by identifying a simple performance measure, rather 
than the multiple energy service models examined in the thesis, against which the 
influence of different types of factor could be compared to generate a common effect 
size.   
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A second area for further work would be to identify input and output data sets for the 
Data Envelopment Analysis which represent societal benefits, either as well as, or 
instead of, economic benefits.  Other than the internal winter temperature output to 
represent space heating demand, the energy service outputs are proxy measures of 
growth, for example, numbers of appliances and population.  Measures which 
represent the societal factors such as the proportion of households in fuel poverty 
could provide better description of changing behaviour in the sector and make it 
possible to quantify the impact of particular policies. 
This thesis has focussed on examination of historical changes in the whole sector’s 
use of energy and related emissions but further work could use the DEA approach to 
examine a cross-section of the UK residential sector.  This could either be a small 
sample of households where very detailed data on energy service demand is 
incorporated into the DEA, or alternatively the analysis could use less detailed 
survey data, such as in the English Housing Survey, to examine a larger sample of 
households.  A cross-sectional analysis would allow for a more thorough 
examination of the influence of household demographic factors, including tenure, 
energy efficiency behaviour in the UK residential sector. 
The final area of further work would be to apply the DEA approach to examine 
historical energy efficiency changes in another sector.  This could be the 
service/non-domestic building sector or transport, for example, and would require 
identification of suitable measures of inputs and outputs to generate a measure of 
behaviour.  .   
9.2 Policy recommendations 
The policy recommendations focus on four of the different categories of influencing 
factors identified in Chapter 2: economic, socio-economic, technical and structural 
factors.  They lead on directly from the discussion of potential challenges to the 
effectiveness of policy and regulation at the end of Chapter 8.  The broad aim of the 
policy recommendation is to balance the need to reduce energy use and emissions 
whilst not reducing householders’ ‘standard of living’ 
1) Economic: Government policy which indirectly lowers the cost of energy for 
householders, for example, energy price freezes and winter fuel allowance 
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payments, should be avoided or stopped and ‘green costs/subsidies’ on 
energy bills should be reintroduced.  So that price rises do not adversely 
affect low-income/fuel poor households, additional support should be given to 
these homes using the winter fuel allowance payments and part of the ‘green 
subsidies’ paid to energy companies.  
2) Socio-economic: Energy efficiency schemes should be targeted exclusively at 
low income and fuel poor households in owner occupied, privately rented, 
local authority and ‘registered social landlord’ homes. Schemes should be run 
along similar lines to CERT (Carbon Emission Reduction Target for energy 
companies) rather than the market based approach of the Green Deal which 
was insufficiently targeted.  
3) Socio-economic (tenure): Energy efficiency schemes should incentivise ‘buy 
to let’ landlords to improve the energy efficiency of their properties prior to 
renting by offering ‘green’ mortgages with preferential rates once 
improvements are completed to an agreed standard.   
4) Technical: Boilers and electrical appliances should have more than one 
‘energy efficiency’ rating identifying the likely cost savings for different types of 
householders dependent on their levels of energy service demand to 
encourage householders to be less wasteful.      
5) Structural: Policies which change the energy supply sector should be ‘risk 
assessed’ so that if reduced energy costs are a potential outcome, the ‘risk’ of 
an increase in energy consumption and related emissions is included in the 
policy assessment.   
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Appendix A 
A1: Table of meta-review study outputs: price 
 
Dependent 
Variable Measure Effect size Effect ID NAME
Energy expenditure SR & LR 
elasticities 0, -0.28 (0.38
i) D 1
Chitnis & 
Hunt
i Contribution to average % per 
annum change in housing real 
expenditure (in logs) 1989 to 2009
Delivered energy Short-term 
price elasticity
-0.2 D 3 ADEPT
Energy demand LR elasticity -0.22 (-0.23ii) D 4 Hunt et al.
ii Dimitropoulos et al. (2005) 
estimate
Energy demand LR elasticity -0.01 D 5 Clements & 
Madlener
Elasticity statistically insignificant
Energy demand
SR & LR 
elasticities 
(various)
-0.131, -0.172, 0.003, 
0.004, -0.135
D 6 Haas & 
Schipper
Five estimations of short and long-
run elasticties from econometric 
models 1-5.
Energy price LR 
elasticity
-1.36 to -1.25 D
Fuel price LR 
elasticities
-1.41 to -1.37 D
Energy Demand
SR & LR 
elasticities -0.12, -0.30 D 8 Barker
Fuel demand - Coal -1.22, -0.73 (-2.02iii) D
Fuel demand - Oil -1.64, -1.71 (-0.90iii) D
Fuel demand - Gas -0.50,  0.92 (-1.37iii) D / I
Electricity demand -1.01, -0.39 (-1.26iii) D
Energy (& Energy 
intensity)
Energy price 
elasticities -1.394 (0.490)
iv D (I)
Carbon emissions (& 
Carbon Intensity)
Energy price 
elasticities 1.345 (1.255)
iv I 
Electricity price 
elasticities
0.983, 0.804, 0.866, 
1.183, 1,329, 0.635
I
Gas price 
elasticities
-0.218, -0.221, -0.151,    
-0.393, -0.463, 0.090
D
Electricity price 
elasticities
0.173, -0.10, 0.112, 
0.182, 0.581, 0.039
I
Gas price 
elasticities
0.711, 0.757, 0.665, 
0.770, 0.439, 0.930
I
Electricity price 
elasticities
0.638, 0.432, 0.424, 
0.772, 1.010, 0.296
I
Gas price 
elasticities
0.140, 0.226, 0.278, 
0.038, -0.088, 0.497
I
Gas central heating 
expenditure
Gas price 
elasticities
0.733, 0.827, 0.364, 
0.752, 0.838, 0.383
I
Oil central heating 
expenditure
Oil price 
elaticities
0.537, 0.536, 0.480, 
0.530, 0.528, 0.325v
I
Energy demand (Gas 
CH)
Gas price 
elasticities
-0.267, -0.191, -0.636,    
-0.248, -0.162, -0.617
D
Energy demand (Oil 
CH)
Oil price 
elaticities
-0.464, -0.464, -0.602    
-0.470, -0.472, -0.593
D
iii Own-price elasticity estimates 
from 1993 paper.
16 Greening et 
al. 
iv Elasticities statistically 
insignificant at the 10% level
Adjustments in energy demand due to 
price increases: All, Owners, Renters 
(1991-2005), All Owners, Renters (1997-
2005) 
Income categories: All, ≤ 9000, 9T-
20T, 20T-30T, 30T-45T, ≥45T
Fuel demand - Gas
Logs of annual heating expenditures 
per room for gas and oil central 
heating:  All, Owners, Renters (1991-
2005) & All, Owners, Renters (1997-
2005). v all significant except renters oil 
CH. 
Electricity 
expenditure
Gas expenditure
Energy expenditure
9
Fouquet et 
al. 7
SR & LR 
elasticities 9 Fouquet
Jamasb & 
Meier
10
Meier & 
Rehdanz
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Dependent 
Variable Measure Effect size Effect ID NAME
-0.409, -0.623, -0.469 D Winter, Spring/Autumn, Summer
-0.189, -0.621, 0.168,     
-0.186
D/I
No central heating, Gas central 
heating, Elec. central heating. 
Other central heating.
-0.640, -0.481, 0.330,     
-0.333
D/I
Mortgaged, Owner occupied, 
Council tenant, Rented 
accommodation
-0.673, -0.981, -1.033 D Winter, Spring/Autumn, Summer
-0.738, -0.965, -0.920,     
-0.959 D
No central heating, Gas central 
heating, Elec. central heating. 
Other central heating.
-1.044, -0.871, -0.659,     
-0.937 D
Mortgaged, Owner occupied, 
Council tenant, Rented 
accommodation
-0.160, -0.680, -0.577 D Winter, Spring/Autumn, Summer
-0.377, -0.502, -0.757,    
-0.935 D
No central heating, Gas central 
heating, Elec. central heating. 
Other central heating.
-0.656, -0.271, -0.317,    
-0.780 D
Mortgaged, Owner occupied, 
Council tenant, Rented 
accommodation
0.042, -0.103, -0.079 D/I Winter, Spring/Autumn, Summer
0.080, -0.110, 0.024,      
-0.085 D/I
No central heating, Gas central 
heating, Elec. central heating. 
Other central heating.
-0.175, 0.016, 0.106, 
0.009 D/I
Mortgaged, Owner occupied, 
Council tenant, Rented 
accommodation
Own price 
elasticities
-0.311, -0.238, -0.117,    
-0.289, -0.394, -0.324,    
-0.208, -0.336, -0.444
D
Electricity price 
elasticities
-0.373, -0.303, -0.812,    
-0.554, -0.246, -0.323,    
-0.170, -0.290, -0.440
D
Own price 
elasticities
-0.758, -0.776, -0.540,    
-0.739, -0.797, -0.762,    
-0.684, -0.764, -0.759
D
Gas price 
elasticities
0.185, 0.267, 0.093, 
0.176, 0.166, 0.195, 
0.290, 0.182, 0.137
I
Own price 
elasticitiesv
-0.31, -0.19 D
Electricity price 
elasticitiesv
-0.79, -0.70 D
Own price 
elasticitiesv
-0.59, -0.45 D
Electricity price 
elasticitiesv
-0.86, -0.89 D
Gas demand
Electricity demand
Micklewright14
v Elasticities for households which 
spend 5% of income on gas or 
electricity without and with gas or 
electric heating.  
Elasticties disaggregated by 
demographic characteristics: All, 
GasCH, ElecCH, Age-65, Kids, 
Home own, Top decile of income, 
middle decile of income, Lower 
decile of income
Baker et al13
Gas demand
Electricity demand
Gas demand
Baker & 
Blundell
12
Electricity price 
elasticities
Own price 
elasticities
Gas demand
Electricity demand Gas price 
elasticities
Electricity demand Own price 
elasticities
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A2: Table of meta-review study outputs: income 
 
Dependent 
Variable Measure Effect size Effect ID NAME
Energy expenditure SR & LR 
elasticities 0, 0 (-0.04
i) - 1 Chitnis & Hunt
i Contribution to average % per 
annum change in housing real 
expenditure (in logs) 1989 to 
2009
Energy demand LR elasticity 0.3 (0.34ii) I 3 Hunt et al. ii Dimitropoulos et al. (2005) 
estimate
Energy demand LR elasticity 0.33 I 4
Clements & 
Madlener
Energy demand
SR & LR 
elasticities 
(various)
0.33 & 0.401, 0.38 & 
0.512, 0.46 & 0.463, 0.44 
& 0.534, 0.44 & 0.445
I 5 Haas & 
Schipper
Five estimations of short and 
long-run elasticties from 
econometric models 1-5
Gas demand LR elasticity 0.98 to 1.15 I 6 Fouquet et al. 
Coal demand -0,97, -3.22 (-2.0iii) D
Oil demand -2.63, -1.25 (-0.19iii) D
Gas demand 0.68, 1.55 (1.15iii) I
Electricity demand -0.29, 0.24 (0.72iii) D / I
Structureiv Elasticity 0.601 I 16 Greening et al.
iv Changes in aggregate carbon 
intensity in UK
Electricity 
expenditure
0.062, 0.046, 0.050, 
0.076, 0.152 0.098
I
Gas expenditure 0.064, 0.033, 0.051, 
0.096, 0.168, 0.087
I
Energy expenditure 0.058, 0.053, 0.050, 
0.061, 0.142, 0.080
I
Gas central 
heating 
expenditure
0.014, 0.006, 0.0491, 
0.023, 0.012, 0.056i
I
Oil central heating 
expenditure
0.005, 0.004, 0.028, 
0.007, 0.006, -0.011Ii
I
Energy expenditure
Standardised 
coefficient / 
Real effect
 0.145 / £67.80 per 
annum (per £10000 
increase)
I 11 Kelly
Standardised coefficient from 
Multiple Regression / Real effect 
on average annual household 
energy expenditure
0.170W, 0.313S/A, 0.269S I Winter, Spring/Autumn, Summer
0.089NCH, 0.303GCH, -
0.329ECH, 0.283OCH
I (D)
No central heating, Gas central 
heating, Elec. Central heating, 
Other central heating
0.334M, 0.234OO, 
0.127CT, 0.109RA
I
Mortgaged, Owner occupied, 
Council tenant, Rented 
accommodation.
0.179W, 0.251S/A, 0.197S I Winter, Spring/Autumn, Summer
0.204NCH, 0.239GCH, 
0.233ECH, 0.028OCH
I
No central heating, Gas central 
heating, Elec. Central heating, 
Other central heating
0.264M, 0.162OO, 
0.176CT, 0.278RA
I
Mortgaged, Owner occupied, 
Council tenant, Rented 
accommodation.
Gas demand
0.115, 0.152, -0.085, 
0.078, 0.211, 0.150, 
0.012, 0.137. 0.139
I (D)
Electricity demand
0.131, 0.027, 0.186, 
0.084, 0.263, 0.130, -
0.172, 0.167, 0.177
I (D)
Gas demand 0.38, 0.13, 0.49, 0.23 I
Mortgaged owner-occupied: no 
GCH and with GCH. Local 
authority tenant: no GCH and 
with GCH
Electricity demand 
(with gas mains) 0.26, -0.14, 0.34, -0.04 I/D
Mortgaged owner-occupied: no 
electric CH and with electric CH. 
Local authority tenant: no 
electric CH and with electric CH
Electricity demand 
(without gas 
mains)
0.27, 0.02, 0.42, 0.17 I
Mortgaged owner-occupied: no 
electric CH and with electric CH. 
Local authority tenant: no 
electric CH and with electric CH
Meier & 
Rehdanz
10
Logs of annual heating 
expenditures per room for gas 
and oil central heating:  All, 
Owners, Renters (1991-2005) & 
All, Owners, Renters (1997-
2005). i all significant except 
owners 1991-2005 ii all non-
significant.
Fouquet   8
Income categories: All, ≤ 9000, 
9T-20T, 20T-30T, 30T-45T, ≥45T
Jamasb & 
Meier9
Gas demand
Electricity demand
Elasticities
Elasticities
Baker & 
Blundell12
Elasticities Baker et al13
Elasticities Micklewright
SR & LR 
elasticities
Elasticities
Elasticities
Elasticties disaggregated by 
demographic characteristics: All, 
GasCH, ElecCH, Age-65, Kids, 
Home own, Top decile of 
income, middle decile of income, 
Lower decile of income
iii From Fouquet et al. 1993
14
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A3: Table of meta-review study outputs: socio-economic 
 
 
 
 
 
 
 
 
Dependent 
Variable Measure Effect size Effect ID NAME
Socio-
economic 
variable
Electricity 
expenditure
0.069, 0.036, 0.036, 
0.072, 0.064, 0.059
I
Gas expenditure 0.081, 0.058, 0.090, -
0.001, 0.075
I
Energy expenditure 0.080, 0.062, 0.058, 
0.060, 0.074, 0.026
I
Gas central 
heating 
expenditure
0.034, 0.050 I
Oil central heating 
expenditure 0.016, 0.024 I
Gas central 
heating 
expenditure
0.25, 0.27, 0.18, 0.24, 
0.26, 0.18 I
Oil central heating 
expenditure
0.19, 0.17, 0.29, 0.17, 
0.16, 0.30 I
Energy expenditure
Standardised 
coefficient / 
Real effect
0.306 / £88.32 per extra 
person
I 11 Kelly
Standardised coefficient from 
Multiple Regression / Real effect 
on average household annual 
energy expenditure.
Number of 
householders
CO2 emissions
Component of 
change in 
carbon 
emissions 
(MtC)
13.65+/- 0.15% (5.17, 
4.51, 3.73, 0.25) I 18 BRE 2003
Overall change in domestic 
sector: -11.92 (-6.76, -4.13, -
4.26, 3.22). Between 1970 - 
2001 (1970-1980, 1980-1990, 
1990-2000, 2000-2001)
Household growth
CO2 emissions
Component of 
change in 
carbon 
emissions 
(MtC)
3.57+/-0.05 I 19 BRE 2000
Overall change in domestic 
sector -5.32.  Between 1990 - 
2000
Household growth
CO2 emissions
Normalised 
sensitivity 
coefficient*
0.08 I 21 Firth et al.
Equivalent to percentage 
increase in output variable when 
the input parameter is increased 
by 1%. Output variable is is 
average dwelling CO2 emissions 
(kgCO2). 
Household size
Meier & 
Rehdanz
10 Logs of annual heating 
expenditures per room for gas 
and oil central heating:  All, 
owners, renters (1991-2005) & 
All, owners, renters (1997-2005). 
All significant (≤ 0.001) except 
oil CH exp/renters. 
Household size
Regression 
coefficients
9
Jamasb & 
MeierElasticities
Tenure: 
ownership
Tenure: 
ownership
Logs of annual heating 
expenditures per room for gas 
and oil central heating:  All (1991-
2005) & All (1997-2005)
Income categories: All, ≤ 9000, 
9T-20T, 20T-30T, 30T-45T, ≥45T
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A4: Table of meta-review study outputs: temperature  
  
 
 
 
Dependent 
Variable
Temperature 
variable Measure Effect size Effect ID NAME
Energy 
expenditure
Annual average 
temperature °C
SR and LR 
temperature 
coefficient
-0.04, -0.06 (-0.18i) D 1
Chitnis & 
Hunt
*Contribution to average % per annum change in 
housing real expenditure (in logs) 1989 to 2009
Delivered energy
Average external 
temperature over 
the heating season
Actual and 
percentage change 
in delivered energy
1MWh (5%) per 1°C 
increase D 2 ADEPT
Energy demand
Average quarterly 
(& annual) 
temperature in °C
Temperature 
coefficient -0.0557 (-0.070
ii) D 3 Hunt et al.
ii Dimitropoulos et al. (2005) estimate.  Both statistically 
significant ≤ 0.1 
Energy demand
Heating degree 
days Coefficient
0.62, 0.44, 0.74, 0.65, 
0.65 I 5
Haas & 
Schipper
Five coefficients for temperature variable from 
econometric models 1-5.
Gas central 
heating 
expenditure
0.00019, 0.00025, 
0.00014, 0.00019
I
Logs of annual heating expenditures per room for gas 
and oil central heating: All, Owners (1991-2005) & All, 
Owners (1997-2005). (Renters not statistically 
significant.
Oil central heating 
expenditure 0.0014, 0.0018 I
Logs of annual heating expenditures per room for gas 
and oil central heating: Renters (1991-2005) & Renters 
(1997-2005). All and Owners not statistically significant. 
Energy 
expenditure
Heating degree 
days
Standardised 
coefficient / Real 
effect
0.046 / £2.50 per 1°C 
increase I 11 Kelly
Standardised coefficient and real effect on average 
annual household energy expenditure Limited data and 
large measurement error. P=0.088.  
0.345, 0.276, 0.125 I Winter, Spring/Autumn, Summer
0.327, 0.275, 0.445,     
-0.117
I (D) No central heating, Gas central heating, Elec. Central 
heating, Other central heating
0.274, 0.276, 0.266, 
0.273
I Mortgaged, Owner occupied, Council tenant, Rented 
accommodation.
0.294, 0.199, 0.061 I Winter, Spring/Autumn, Summer
0.169, 0.187, 0.358, 
0.2187
I No central heating, Gas central heating, Elec. Central 
heating, Other central heating
0.193, 0.195, 0.197, 
0.165
I Mortgaged, Owner occupied, Council tenant, Rented 
accommodation.
Housing stock 
energy 
consumption
Winter external 
temperature ° C
Actual change in 
energy consumption
3.28 GJ per °C 
change D/I 17 BRE 2008 Between 1970 - 2006 (extension of BRE2003)
Carbon emissions
Winter external 
temperature ° C
Component of 
change in carbon 
emissions (MtC)
-1.74 +/-5.4% (-0.21, -
3.40, 1.05, 0.82) D(I) 18 BRE 2003
Overall change in domestic sector:-11.92 (-6.76, -4.13, -
4.26, 3.22). Between 1970 - 2001 (1970-1980, 1980-
1990, 1990-2000, 2000-2001)
Carbon emissions
Winter external 
temperature ° C
Component of 
change in carbon 
emissions (MtC)
3.77+/-3.4% I(D) 19 BRE 2000
Overall change in domestic sector -5.32. Between 1990 - 
2000 (Contributes to emisson savings in 1992-1993, 
1993-1994 & 1996-1997) 
Carbon emissions External air 
temperature ° C
Normalised 
sensitivity coefficient
-0.61 D 20 Cheng & 
Steemers
Equivalent to percentage increase in output variable 
when the input parameter is increased by 1%. Output 
variable is is average dwelling CO2 emissions (kgCO2). 
Carbon emissions External air 
temperature ° C
Normalised 
sensitivity coefficient
-0.58 D 21 Firth et al. 
Equivalent to percentage increase in output variable 
when the input parameter is increased by 1%. Output 
variable is is average dwelling CO2 emissions (kgCO2). 
10 Meier & 
Rehdanz
13
Baker & 
Blundell
Gas demand
Electricity demand
Heating degree 
days Elasticities
Heating degree 
days
Regression 
coefficient
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A5: Table of meta-review study outputs: technical  
 
 
 
 
 
 
 
 
Technical 
Variable
Dependent 
Variable Measure Effect size Effect ID NAME
SAP rating
-0.216 / -£222.00 30 → 90 
SAP
D
Standardised coefficient and real effect on 
average annual household energy expenditure 
of increasing house SAP rating from 30 to 90
Floor area
0.271 / £23.44 each extra 
10 m2
I
Standardised coefficient and real effect on 
average annual household energy expenditure 
of floor area increase
Improving heat 
loss
-0.28 GJ per 1 W/°C 
improvement
D
Improving heating 
efficiency
-1.56 GJ per 1% 
improvement
D
Improving heat 
loss
-17.57 +/- 1.4% (-7.95,       
-5.44, -3.42, -0.76)
D
Improving heating 
efficiency
-17.06 +/- 1.5% (-5.07,       
-5.68, -5.72, -0.59)
D
Improving heat 
loss
-4.09+/- 1.2% D
Improving 
efficiency
-4.34 +/- 1.6% D
Floor area 0.77 I
Gas boiler 
efficiency
-0.48 D
Wall U-value 0.21 I
Window U-value 0.12 I
Average storey 
height
0.48 I
Gas boiler 
efficiency
-0.45 D
Floor area 0.34 I
Wall U-value 0.27 I
Window U-value 0.19 I
BRE 200318
Energy 
expenditure
Standardised 
coefficient / Real 
effect
12 Kelly
Carbon 
emissions
BRE 200817
Component of 
change in 
carbon 
emissions (MtC)
Energy Use
Actual change in 
energy 
consumption
Between 1970 - 2006 (extension of BRE2003)
Equivalent to percentage increase in output 
variable when the input parameter is increased 
by 1%. Output variable is is average dwelling 
CO2 emissions (kgCO2). 
Equivalent to percentage increase in output 
variable when the input parameter is increased 
by 1%. Output variable is is average dwelling 
CO2 emissions (kgCO2). 
Overall change in domestic sector:-11.92 (-
6.76, -4.13, -4.26, 3.22). Between 1970 - 2001 
(1970-1980, 1980-1990, 1990-2000, 2000-
2001)
Overall change in domestic sector -5.32. 
Between 1990 - 2000
Firth et al. 19
Carbon 
emissions
BRE 200019
Normalised 
sensitivity 
coefficient
Normalised 
sensitivity 
coefficient
Carbon 
emissions
Cheng & 
Steemers
18
Carbon 
emissions
Component of 
change in 
carbon 
emissions (MtC)
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A6: Table of meta-review study outputs: structural  
 
 
 
 
A7 Table of meta-review study outputs: service level 
   
Structural 
Variable
Dependent 
Variable Measure Effect size Effect ID NAME
Electricity supply 
changes
-14.08+/- 0.9% (-2.80,        
-4.25, -8.45, 1.42)
D
Other carbon 
factor changes
-12.10+/- 0.9% (-9.13,     
-1.73, -2.26, 1.02)
D(I)
Electricity supply 
changes
-8.45 +/- 1.4% D Overall change in domestic sector -5.32. Between 1990 - 2000  
Other carbon 
factor changes -1.02 +/- 1.0% D(I)
Overall change in domestic sector -
5.32. Between 1990 - 2000 
(Contributes to emisson savings in 
1990-1991, 1992-1993 & 1995-1996) 
Carbon 
emissions
Component of 
change in 
carbon 
emissions 
(MtC)
Overall change in domestic sector: -
11.92 (-6.76, -4.13, -4.26, 3.22). 
Between 1970 - 2001 (1970-1980, 
1980-1990, 1990-2000, 2000-2001)
BRE 
200316
BRE 
2000
17
Service 
Measure
Dependent 
Variable Measure Effect size Effect ID NAME
Energy 
intensityi
Energy 
expenditure
SR and LR 
elasticities 0.2, 0.29 (-0.10
ii) I 1
Chitnis & 
Hunt
i Domestic energy consumption per 
household. iiContribution to average 
% per annum change in housing 
real expenditure (in logs) 1989 to 
2009.
Household 
energy pattern
Energy 
expenditure
Standardised 
coefficient / Real 
effect
0.123 / £27.70 if living 
room or bedroom 
heated during the 
week
I 11 Kelly
Standardised coefficient and real 
effect on average annual household 
energy expenditure of heating 
pattern.
Level of service 
(central 
heating)
Energy use
Actual change in 
energy 
consumption
2.18 GJ per year due 
to increasing service 
levels
I 17 BRE 2008
Between 1970 - 2006 (extension of 
BRE2003).
Level of service 
(household 
energy 
consumption)
Carbon 
emissions
Component of 
change in carbon 
emissions (MtC)
36.97+/- 1.5% (13.24, 
11.86, 10.82, 1.06)
I 18 BRE 2003
Overall change in domestic sector: -
11.92 (-6.76, -4.13, -4.26, 3.22). 
Between 1970 - 2001 (1970-1980, 
1980-1990, 1990-2000, 2000-2001). 
Level of service 
(central 
heating)
Carbon 
emissions
Component of 
change in carbon 
emissions (MtC)
5.24 +/- 1.7% I 19 BRE 2000 Overall change in domestic sector -5.32. Between 1990 - 2000
Mean internal 
temperature
Carbon 
emissions
Normalised 
sensitivity 
coefficient
1.55 I 18 Cheng & 
Steemers
Equivalent to percentage increase 
in output variable when the input 
parameter is increased by 1%. 
Output variable is is average 
dwelling CO2 emissions (kgCO2). 
Heating 
demand 
temperature
1.55 I 19
Length of daily 
heating period
0.62 I 19
Carbon 
emissions Firth et al. 
Normalised 
sensitivity 
coefficient*
Equivalent to percentage increase 
in output variable when the input 
parameter is increased by 1%. 
Output variable is is average 
dwelling CO2 emissions (kgCO2). 
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Appendix B 
Additional Note: Environmental variables in DEA  
To consider the arguments surrounding environmental variables in DEA, first, take 
an input orientated model. Here the emphasis is on reducing inputs while meeting 
output targets. Environmental variables that make it easier to reach existing output 
targets (y) can be treated as non-discretionary inputs because they represent extra 
resources, and organising units which benefit from having high values must be 
penalised in the DEA. Environmental variables that make it more difficult to reach 
existing output targets (y) can be treated as non-discretionary outputs because they 
represent a restriction of resources and organising units which benefit from having 
high values must be rewarded . 
With environmental variables (w and z) treated as parameters, assume that: 
• those labelled w represent factors which make it easier to achieve the output 
targets and should be treated as non-discretionary inputs. 
• those labelled z represent factors which make it more difficult to achieve the 
output targets and should be treated as non-discretionary outputs. 
The input orientated DEA problem in matrix format becomes: 
min
𝜆𝜆1…𝜆𝜆𝐽𝐽,𝜃𝜃(𝟎𝟎′ 1) �𝛌𝛌𝜃𝜃� 
Subject to: 
�
𝐘𝐘 0
−𝐗𝐗 𝐱𝐱𝑜𝑜
� �𝛌𝛌
𝜃𝜃
� ≥ �
𝐲𝐲𝑜𝑜
𝟎𝟎 � 
Solve the problem above for comparison, and then add constraints for environmental 
variables: adding constraints must (weakly) improve/ increase the efficiency scores 
for the organising units.  
�−𝐖𝐖 0
𝐙𝐙 0� �𝛌𝛌𝜃𝜃� ≥ �−𝐰𝐰𝑜𝑜𝐳𝐳𝑜𝑜 � 
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Efficiency scores for organisations with high w values remain unchanged, the penalty 
for experiencing environmental variables which make it easier to achieve output 
targets, while efficiency scores for producers with low w values are increased  
Efficiency scores for organisations with low z values remain unchanged, while 
efficiency scores for producers with high z values are increased as reward for 
experiencing variables which make it more difficult to achieve output targets. 
Next, consider the case for output orientated models.  Here the emphasis is on 
increasing outputs while meeting input targets. Environmental variables that make it 
easier to reach existing target inputs (x) can be treated as non-discretionary inputs 
because they represent extra resources.  Organising units benefit from having high 
values and must be penalised.  Environmental variables that make it more difficult to 
reach existing input targets (x) can be treated as non-discretionary outputs because 
they represent a claim on resources. Organisations benefit from having high values 
and must be rewarded. 
With environmental variables (w and z) treated as parameters, assume that: 
• those labelled w represent factors which make it easier to achieve the input 
targets and should be treated as non-discretionary inputs.  
• those labelled z represent factors which make it more difficult to achieve the 
input targets and should be treated as non-discretionary outputs. 
The equivalent matrix format is: max
𝜆𝜆1…𝜆𝜆𝐽𝐽,𝛾𝛾(𝟎𝟎′ 1) �𝛌𝛌𝛾𝛾� 
Subject to: 
� 𝐘𝐘 −𝐲𝐲𝑜𝑜
−𝐗𝐗 0 � �𝛌𝛌𝛾𝛾� ≥ � 𝟎𝟎−𝐱𝐱𝑜𝑜� 
However, in this problem the objective score is maximised because it is the radial 
expansion of outputs that measures the proportional distance of a unit from the 
frontier. Units on the frontier are relatively efficient with a value of 1 and inefficient 
units have an efficiency value > 1: the equivalent to the inverse of efficiency: 
𝛾𝛾 = 1 𝑤𝑤𝑓𝑓𝑓𝑓𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑦𝑦⁄  
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Solve the problem as before for comparison, and then add constraints for 
environmental variables.  Adding constraints must now (weakly) lower 𝛾𝛾 (i.e. 
increase) the efficiency scores for the organisations.  
�−𝐖𝐖 0
𝐙𝐙 0� �𝛌𝛌𝛾𝛾� ≥ �−𝐰𝐰𝑜𝑜𝐳𝐳𝑜𝑜 � 
Efficiency scores for organisations with high w values remain unchanged, the penalty 
for experiencing variables which make it easier to achieve input targets, while 
efficiency scores for organisations with low w values are increased  
Efficiency scores for organisations with low z values remain unchanged, while 
efficiency scores for organisation with high z values are increased as reward for 
experiencing variables which make it more difficult to achieve input targets. 
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Appendix C 
C1: Pearson correlations: economic & socio-economic variables.  
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C2: Pearson correlations: technical & structural variables. 
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